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Abstract
We review the present status of the experimental and theoretical developments in the field of
strangeness in nuclei and neutron stars. We start by discussing the K¯N interaction, that is governed
by the presence of the Λ(1405). We continue by showing the two-pole nature of the Λ(1405), and
the production mechanisms in photon-, pion-, kaon-induced reactions as well as proton-proton
collisions, while discussing the formation of K¯NN bound states. We then move to the theoretical
and experimental analysis of the properties of kaons and antikaons in dense nuclear matter, paying
a special attention to kaonic atoms and the analysis of strangeness creation and propagation in
nuclear collisions. Next, we examine the φ meson and the advances in photoproduction, proton-
induced and pion-induced reactions, so as to understand its properties in dense matter. Finally,
we address the dynamics of hyperons with nucleons and nuclear matter, and the connection to the
phases of dense matter with strangeness in the interior of neutron stars.
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1 Introduction
Understanding the dynamics of hadrons with strangeness has received a lot attention over the past
decades in connection with the study of exotic atoms [1], the analysis of strangeness production and prop-
agation in particle and nuclear research facilities [2, 3], and the investigation of the possible ”strange”
phases in the interior of neutron stars [4].
Kaons (antikaons) are the lightest mesons with strangeness that are made of one antistrange
(strange) quark, and one up or down quark (antiquark). Considering the fact that kaons are Gold-
stone bosons, a quantitative study of their interaction with other hadrons and, in particular, nucleons
allows for the exploration of the non-perturbative character of QCD at low energies. This allows to test
the scales and symmetries of QCD in this energy regime, such as chiral symmetry and its partial restora-
tion in dense and/or hot matter [5]. Also, it permits a better understanding of the nature of newly
discovered states with the strange degree of freedom, whether they can be understood as dynamically
generated states via hadron-hadron scattering processes.
In particular, the K¯N scattering amplitude has been extensively studied, showing a repulsive be-
haviour at energies close to the K¯N threshold. This is due to the presence of the Λ(1405) resonance,
located about 30 MeV below threshold [6]. The nature of this baryonic resonant state has been ana-
lyzed experimentally in photon-, pion-, kaon-induced reactions as well as proton-proton collisions, in
particular after the emergence of theoretical predictions describing this state as the superposition of
two poles [7–9]. The theoretical and experimental determination of the two-pole nature of the Λ(1405)
moreover indicates that the K¯N interaction could be attractive enough to produce bound states. This
finding has triggered the analysis of the possible formation of bound states with one K¯ and one or more
nucleons, such as the K¯NN state (see Ref. [10] and references therein).
The properties of (anti-)kaons in dense nuclear matter have also prompted the interest of the scientific
community, specially after the detection of kaonic atoms [1], the theoretical predictions of (anti-)kaon
condensation in neutron stars [11], and the analysis of strangeness creation and propagation in nuclear
collisions [2, 3]. Indeed, kaons are considered suited probes to study the dense and hot nuclear matter
formed in heavy-ion collisions. They are created in the early stages of the reaction and, even as
they undergo scattering in the hot and dense medium, they mostly emerge intact thus carrying the
information on the properties of hot dense matter until their detection.
Moreover, the study of the hidden strange φ meson (together with ω and ρ) in dense nuclear matter
has become a matter of great interest, since they are also probes for the chiral restoration [12]. The
study of the light vector mesons is indeed very appealing, as the dileptonic decay offers clean information
on nuclear matter. The φ, in particular, is very narrow in vacuum and is well separated from the ρ and
the ω mesons, allowing for the measurement of any modifications of its mass or width in matter. To that
end, several experiments have been carried out, such for photoproduction [13, 14], for proton-induced
[15, 16] and pion-induced [17] reactions, an effort that has been accompanied by important theoretical
developments to understand the modifications of the φ meson in dense nuclear matter.
Another venue of interest in the field of strangeness is the study of strange baryons, the so-called
hyperons, and their dynamics with nucleons and nuclear matter. Theoretical studies have gone hand
in hand with scattering experiments employing secondary hyperon beams [18] or, more recently, using
femtoscopy techniques [19]. Also, the possible formation of nuclei with one or more hyperons inside the
nucleus, the so-called hypernuclei [20–22], has triggered a lot of theoretical advances. The aim is to
understand how hyperons interact with nucleons and hyperons in vacuum and as a function of density.
And last but not least, understanding the behaviour of strange mesons and baryons in the presence
of a surrounding dense medium is of particular interest to determine the features of the possible phases
of dense matter in compact astrophysical objects, such as neutron stars. Neutron stars are one of
the most compact astrophysical objects in the universe and, therefore, serve as a unique laboratory
for testing matter with strangeness under strong gravitational and magnetic fields, as well as extreme
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conditions of density, isospin asymmetry and temperature [4, 23, 24].
In this review we aim at discussing the present experimental and theoretical status in the field of
strangeness in nuclei and neutron stars. We start by reviewing in Sec. 2 the kaon and antikaon inter-
action with nucleons, paying a special attention to the role of the Λ(1405) in the determination of the
K¯N interaction, in Sec. 2.1, and the formation of bound states, such as K¯NN in Sec. 2.2. Moreover,
kaons and antikaons in matter are reviewed in Sec. 2.3, with a special emphasis on the production and
propagation of strangeness in hadron-hadron collisions in view of the present and forthcoming experi-
mental programs on strangeness. Next, in Sec. 3 we review the experimental and theoretical advances
on the study of the φ meson behaviour in nuclear matter, whereas the hyperon-nucleon and hyperon-
hyperon interactions are discussed in Sec. 4. Among the experimental searches, we clearly identified
those performed in the field of hypernuclei (Sec. 4.3), whereas we address the hyperon properties in a
dense medium in Sec. 4.4. Indeed, investigating the properties of strange hadrons in a dense medium is
of extreme relevance for the physics of neutron stars, as discussed in Sec. 5. In particular, the Equation
of State of nuclear matter in the high density regime is discussed in Secs. 5.2 and 5.3. There, we also
point out the changes induced in the Equation of State of dense matter once strangeness is consid-
ered (Sec. 5.4). Our review finishes in Sec. 6 with some conclusions and future perspectives, specially
focusing on future experiments.
2 Kaon(Antikaon)-Nucleon Interaction
2.1 K¯N interaction: the Λ(1405)
2.1.1 Experiments for K¯N
Scattering data of low-energy charged kaons with proton or deuteron targets, performed in Bubble-
Chamber experiments or with emulsions, exist for kaon incident momenta below 350 MeV/c [25–29].
Such data represented so far the only reference for the understanding of the low energy kaon-nucleon
interaction, since the works provide precise cross section measurements and, with the help of scattering
theory scattering, parameters can be extracted. The typical cross sections are small (of the order
of 10 mb) and are dominated by the elastic channel with a small contribution from charge-exchange
processes.
The K+ and K− behavior in the scattering process is very different and markedly depends on the
meson strangeness content. The K+N interaction is well established due to the lack of coupled-channels,
that is, there are no meson-baryon pairs with the same quantum numbers that couple to the K+N final
state. The interaction is moderately repulsive, due to the strong and the Coulomb interactions [30].
The K+p system is a pure isospin I = 1 state, and its S-wave scattering length has been determined
with good (1%) precision [31, 32]. The two isospin states of the KN interaction in the t-channel,
I = 0, 1, are both contributing to the K+n interaction. The I = 0 part of the KN amplitude can be
extracted by using K+d in combination with K+p data. Last but not least, K+N data can be employed
to assess the strangeness content of the nucleon [33, 34]. This aspect plays an important role in the
determination of the chiral potential that drives the behaviour of kaons within nuclear matter.
For antikaons, the behaviour above threshold is only scarcely constrained by scattering experiments
due to the low available statistics close to the K¯N threshold. But of late, new measurements above
threshold have been made available exploiting correlation techniques to K−-p pairs [35], that are mea-
sured in pp collisions at the LHC by the ALICE collaboration.
The correlation function between two hadrons is defined as the ratio of the distribution of relative
momenta for correlated and uncorrelated baryon pairs. Experimentally, one considers particle pairs
emitted in the same collision and in different collisions, where correlations are absent (mixed event
method). This results in the correlation function C(k∗) = Nsame(k
∗)
Nmixed(k∗)
, that is, the ratio of the number of
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pairs with a given reduced relative momentum in the pair rest frame k∗ (k∗ = |~p1 − ~p2|/2) measured in
the same collision, divided by the number of pairs with the same relative momentum obtained combining
particles from different collisions.
This correlation function is equal to one in absence of any correlation for the pair of interest.
Correlations can occur either because of quantum-mechanical interference or final state interactions. In
the case of an attractive interaction, the correlation will be larger than one. In the case of a repulsive
interaction or in the presence of a bound state, the correlation will be between zero and one. The
measured correlation function can be expressed theoretically as C(k∗) =
∫
d3~r S(r) · |ψ(k∗, r)|2 [36, 37],
where S(r) is the distribution at the distance r at which particles are emitted (source) and |ψ(k∗, r)|
represents the relative wave function of the pair of interest.
The particle emitting source is found to be very small in pp and p+Pb collisions at the LHC [38, 39],
that is of the order of 1 fm. These values are evaluated by using known interactions, with pp and K+p
as benchmarks [35].
Figure 1: (Color online) K−p correlation functions obtained from pp collisions at 5 TeV (left), 7
TeV (middle) and 13 TeV (right). Three different potentials were considered: Coulomb potential (blue
band), Kyoto model and Ju¨lich model [35]. In the bottom panels, differences between the data and the
model are shown.
Figure 1 shows the correlation functions measured for K−p pairs in pp collisions at 5, 7 and 13 TeV
by the ALICE collaboration [35]. The fact that the correlation function is larger than one indicates the
overall attractive nature of the interaction. However, the assumption that only an attractive Coulomb
interaction drives the correlation is not sufficient to explain the measurements (see blue histograms in
Fig. 1). The cyan and red histograms show the prediction considering, additionally to the Coulomb
interaction, also a strong attractive interaction based on [40, 41]. One can see that the agreement
improves, but also that some deviations are still present. One of the aspects that should be considered
in the comparison is the fact that in the femtoscopy studies only the final state is fixed, while different
initial states can be created. In the specific case of the K−p final state, the coupling to a piΣ initial
state is possible. This process would manifest itself in an increased correlation for low values of k∗ for
the K−p pair. Recent predictions [42], that take into account this coupled channel, achieve a much
improved agreement with the experimental correlation function. A better improved statistics (factor 50
more) is expected in the upcoming Run3 and Run4 at the LHC, and this will allow to better constrain
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existing models of the K−p interaction.
The scattering parameters that can be extracted from both experimental methods above and at the
K¯N threshold would suggest a repulsive interaction. In reality, the interaction is attractive because a
sign change of the scattering length occurs slightly below threshold due to the presence of the Λ(1405)
resonance. The latter is located 27 MeV below the K¯N threshold. Precise data above and at the
threshold are mandatory to constrain the properties of this resonance and pin down the K¯N interaction
quantitatively.
A crucial measurement is the evaluation of the scattering parameters exactly at the threshold and
this is made possible by studying the kaonic hydrogen atom. This is a system composed of a proton and
a negatively charged kaon bound by the Coulomb force, where the kaon cascades down to the atomic 1s
level. The energy levels are shifted from their pure electromagnetic values and have a finite absorption
width because of the effect of the strong K¯N interaction. The measurement of the K-series X-rays can
be related to the real and imaginary parts of the scattering amplitude for the K¯p system.
Kaonic hydrogen atoms were first investigated at KEK by the KpX experiment [43, 44], where
negatively charged kaon beams with a momentum of 600 MeV/c were first slowed down and then
employed for the kaonic atom creation. Later, kaonic hydrogen atoms were investigated at DaφNE
e+e− collider in Frascati by the DEAR [45] and SIDDHARTA [46, 47] collaborations. These experiments
presented the advantage of a slower beam as negative kaons were stemming from the φ decay almost at
rest, hence, giving rise to large cross sections for the creation of the exotic atoms.
The so far most precise measurement of the scattering lengths was obtained by SIDDHARTA ex-
periment, due to the excellent time and energy resolution of the large area silicon drift detectors that
have been employed for the first time by this collaboration. The collaboration obtained a shift and
width of the 1s state equal to 1s = −283 ± 36(stat) ± 6(syst) and Γ1s = 541 ± 89(stat) ± 22(syst).
These numbers can be converted into the real and imaginary parts of the isopin-averaged K¯N scattering
amplitude. In order to extract the isospin dependent scattering parameters, the measurement of kaonic
deuterium has been proposed, since bound systems of negative charged kaons and neutrons can not
be built. These experiments are envisaged in the next two years at the J-PARC [48] and DaφNE [49]
facilities.
2.1.2 Theory for the K¯N interaction
As previously mentioned, the K¯N scattering in the I = 0 channel is governed by the presence of the
JP = 1/2− S = −1 Λ(1405). The dynamical origin of the Λ(1405) as a molecule was predicted more
than 50 years ago by Dalitz and Tuan [50, 51] and, up to now, is the only accepted molecular state. Over
the past years, the molecular nature of the Λ(1405) has been revisited. On the one hand, lattice QCD
simulations [52] have determined the molecular bound K¯N nature of the Λ(1405) due to the vanishing
strange quark contribution to the magnetic moment and by the dominance of the K¯N component in
the finite-volume treatment.
On the other hand, a lot of effort has been invested within coupled-channel unitarized theories.
The coupled-channel unitarized schemes result from solving the Bethe-Salpeter equation (or the three-
dimensional Lippman-Schwinger reduction)
T = V + V GT, (1)
with G being the meson-baryon propagator, and V standing for the meson-baryon interaction kernel.
The coupled-channel structure implies that all meson-baryon pairs from the pseudoscalar-meson and
baryon octets with the same quantum numbers as the K¯N have to be considered in the solution of the
Bethe-Salpeter equation. The unitarization comes from the non-pertubative behaviour of the Bethe-
Salpeter equation that implies an infinite resummation of two-body diagrams. The Bethe-Salpeter
equation, moreover, has to be renormalized to avoid logarithmically ultraviolet divergences by means
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Figure 2: Different contributions from the chiral meson-baryon Lagrangian: Weinberg-Tomozawa term
(a), direct and crossed Born terms (b) and (c), and NLO terms (d). The dashed (solid) lines indicate
the pseudoscalar octet mesons (octet baryons).
of a subtraction scheme. Note that a commonly used approach for solving the K¯N Bethe-Salpeter
equation (mainly in S-wave) relies on the on-shell factorization [7, 8, 53, 54]. In this case, two different
subtraction schemes are usually considered, the cutoff regulator or the dimensional regularization.
The crucial ingredient for a reliable evaluation of the K¯N scattering is the determination of the
microscopic interactions of K¯N and associated meson-baryon channels. There have been attempts
within meson-exchange models that extended pion-nucleon meson-exchange schemes by incorporating
the strangeness degree of freedom [55, 56]. Also, there has been a lot of effort within meson-baryon
chiral effective field theories (χEFT ) [7, 8, 53, 57–62].
These latter works on meson-baryon χEFT are based on the SU(3) chiral effective Lagrangian that
reads
LeffφB = L(1)φB + L(2)φB , (2)
being L(1)φB and L(2)φB the most general form of the leading-order (LO), and contact next-to-leading order
(NLO) (relevant in S-wave) contributions to the meson-baryon interaction Lagrangian, respectively.
Those read
L(1)φB = i〈B¯γµ[Dµ, B]〉 −M0〈B¯B〉 −
1
2
D〈B¯γµγ5{uµ, B}〉
−1
2
F 〈B¯γµγ5[uµ, B]〉 , (3)
L(2)φB = bD〈B¯{χ+, B}〉+ bF 〈B¯[χ+, B]〉+ b0〈B¯B〉〈χ+〉
+d1〈B¯{uµ, [uµ, B]}〉+ d2〈B¯[uµ, [uµ, B]]〉
+d3〈B¯uµ〉〈uµB〉+ d4〈B¯B〉〈uµuµ〉 . (4)
In Eqs. (3,4) B is a 3 × 3 matrix that contains the fundamental baryon octet (N,Λ,Σ,Ξ). The pseu-
doscalar meson octet φ =(pi,K, η) enters through uµ = iu
†∂µUu†, with U(φ) = u2(φ) = exp
(√
2iφ/f
)
,
where f is the meson decay constant. In Eq. (3) M0 is the common baryon octet mass in the chiral limit,
whereas the SU(3) axial vector constants D and F are subject to the constraint gA = D + F = 1.26.
Moreover, in Eq. (4), the term χ+ = 2B0(u
†Mu† + uMu) breaks chiral symmetry explicitly via the
quark mass matrix M = diag(mu,md,ms), where B0 = − < 0|q¯q|0 > /f 2 is related to the order
parameter of spontaneously broken chiral symmetry. The coefficients bD, bF , b0 and di (i = 1, . . . , 4)
are the corresponding low energy constants at NLO, that need to be determined from experiment. The
details of the different terms can be found, for example, in Ref. [62].
The meson-baryon interaction kernel in momentum space is derived from both Eqs. (3) and (4).
In particular, the Weinberg-Tomozawa (WT) contribution corresponds to the contact diagram (a) in
Fig. 2. Next, the vertices of diagrams (b) and (c) from the direct and crossed Born contributions in
Fig. 2 are obtained from the third and fourth terms of Eq. (3), whereas the NLO contact term is directly
extracted from Eq. (4), that is, diagram (d) of Fig. 2.
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The different works on χEFT have analyzed the effects of including a complete basis of meson-
baryon channels, studied the differences in the regularization scheme, included s- and u-channel Born
terms in the Lagrangian, implemented NLO contributions, and so on. These analyses have arrived to
the conclusion that the significant contribution to the K¯N scattering that allows for a good fit to the
experimental data comes from the WT interaction, with the known exception of K−p→ ηΛ [63]. The
inclusion of direct and crossed Born terms, and NLO terms fine tune the fitting to the experimental
data, becoming more important for scattering processes that do not have a direct contribution from the
WT term [64].
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Figure 3: (Color online) The real (left) and imaginary (right) parts of the K−p → K−p scattering
amplitude obtained from the NLO calculation and extrapolated to the subthreshold region. The real
and imaginary parts of the K−p scattering length from SIDDHARTA experiment are indicated by the
dots including the statistical and systematic errors. Figures taken from Ref. [40].
The fine tuning is indeed important for the correct description of the shift and width of the 1s
state kaonic hydrogen obtained by the SIDDHARTA collaboration, as discussed in Sec. 2.1.1. The K−p
scattering length a(K−p) can be related to the shift and width of the 1s state of kaonic hydrogen atom
using a Deser-type relation with isospin-breaking corrections as [65]:
∆E − iΓ/2 = −2α3µ2ra(K−p)[1 + 2αµr(1− lnα)a(K−p)], (5)
where α is the fine-structure constant and µr is the K
−p reduced mass. The SIDDHARTA results on
kaonic hydrogen as well as the earlier results on total cross sections and threshold branching ratios can be
successfully described considering all contributions up to NLO meson-baryon contributions [40, 63, 66].
Indeed, in Fig. 3 the subthreshold extrapolation of the real and imaginary parts of the K−p → K−p
amplitude are shown by the best-fit NLO scheme of Ref. [40]. The amplitude displays the structure of
the Λ(1405), resulting from the strong attraction in the I = 0 sector. As mentioned in Sec. 2.1.1, it is
expected that the future measurement of kaonic deuterium in J-PARC [48] and DAφNE [49] facilities
will further constrain the subthreshold behaviour of the K¯N amplitude.
Another interesting conclusion of all these works is that the dynamics of the Λ(1405) is described
by the superposition of two poles of the scattering matrix, between the K¯N and piΣ thresholds [7–
9]. Experimentally, the Λ(1405) is seen as one resonance shape, while the existence of two poles is
supported in reaction-dependent line shapes [8]. This two-pole structure has its origin in the two
attractive channels of the LO WT interaction in the SU(3) basis (singlet and octet) [8] and in the K¯N
and piΣ isospin basis [9].
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Model First Pole [MeV] Second Pole [MeV]
NLO [40] 1424+7−23 − i 26+3−14 1381+18−6 − i 81+19−8
Fit II [63] 1421+3−2 − i 19+8−5 1388+9−9 − i 114+24−25
Solution Nr. 2 [67] 1434+2−2 − i 10+2−1 1330+4−5 − i 56+17−11
Solution Nr. 4 [67] 1429+8−7 − i 12+2−3 1325+15−15 − i 90+12−18
Table 1: Pole positions for the Λ(1405) coming from recent chiral effective models including the SID-
DHARTA constraint. Table adapted from [6].
Recent results from NLO chiral unitary coupled-channel approaches that include the SIDDHARTA
constraint are given in the PDG [6] and reproduced in Table 1. In spite of the differences (coming from
the various approximations to the Bethe-Salpeter equation, the fitting procedure, the inclusion of SU(3)
breaking effects and others), there is a consensus that the dominant contribution to the Λ(1405) stems
from the state located near the K¯N threshold, with a strong coupling to that meson-baryon system,
whereas the pole at lower energies with a larger width strongly couples to the piΣ state.
2.1.3 Experimental measurements of the Λ(1405)
The region below the K¯N threshold and, hence, the spectral shape of the Λ(1405) can be studied
experimentally by investigating its strong decays, that is, Λ(1405) → Σpi. The measurement of these
final states is non-trivial, since they all contain a neutral particle and, for this reason, the data set is
rather limited.
Figure 4: (Color online) Left panel: Comparison of the Λ(1405) spectral function measured in kaon- and
pion-induced reactions [68]. Right panel: Comparison of the pion-induced data with the measurement
of the reaction p+ p→ Λ(1405)K+p→ Σ±pi∓K+p [69, 70].
Motivated by the theoretical work of R. Dalitz [50, 51], first experimental efforts were carried out
in the sixties at BNL [18] and in the eighties at CERN [71], employing pion and kaon beams, with
a momentum of 1.69 and 4.2 GeV/c, respectively, and hydrogen Bubble Chambers for the detection.
Despite of the limited statistics, the clear detection procedure that was possible with the photographic
plates allowed to tag reactions as pi− + p → Λ(1405)K0 → Σ±pi∓K0, and K− + p → Σ+(1660)pi− →
Λ(1405)pi+pi− → Σ±pi∓pi+pi−. The study of the Σ±pi∓ invariant mass allowed to determine the Λ(1405)
spectral shape and measure the angular distribution of the resonance to extract its spin.
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In both analyses, the Λ(1405) spin was found to be equal to 1/2 and the contribution of the non-
resonant final state was not isolated from the resonance. Interferences were also neglected. The left panel
of Fig. 4 shows the comparison of the measured spectral functions of the Σ±pi∓ final state associated to
the Λ(1405) for kaon- and pion-induced reactions. One can see that the maxima of the two distributions
are shifted with respect to each other.
Although the statistics is limited, the different spectral function obtained for two different initial
states supports the molecular interpretation of the Λ(1405): the strength of the K¯N and piΣ poles
depends on the initial state. The right panel of Fig. 4 shows the comparison of the pion-induced data
with the measurement of the reaction p + p → Λ(1405)K+p → Σ±pi∓K+p [69]. Although the initial
states are very different, the obtained spectral shapes are in good agreement. If one takes the nominal
mass of the resonance at 1405 MeV, one observes a shift of about 20 MeV towards lower masses for both
pion- and proton-induced reactions, while a shift towards higher masses is measured in kaon-induced
reactions. One has to point out that the contributions of nearby resonances, as the Σ(1385), has been
quantified in these analyses and found to be rather negligible with respect to the total yield. The
production of Λ(1405) in proton-proton induced reactions has been also investigated by the ANKE
collaboration [72], exploiting the Σ0pi0 decay channel and the results are consistent within errors.
It is clear that in reactions as p + p several rather broad baryonic resonances can be excited in
the final states and, hence, interferences can take place. Different theoretical calculations have been
developed to explain the apparent shift of the Λ(1405) peak in p+p collisions and possible explanations
are discussed in Sec. 2.1.4.
Figure 5: (Color online) Left panel: Predicted Λ(1405) spectral function for the decays into Σ±pi∓ and
Σ0pi0 [73]. Right panel: Spectral function of the Λ(1405) in the three Σpi final states measured by the
CLAS experiment with photon beams [74].
A break-through was achieved by the CLAS collaboration only in recent years by employing photon
beams [75]. All the charged combinations of the Λ(1405) decays could be measured for the reaction γ+
p→ Λ(1405)K+ → (Σpi)0K+ at center-of-mass energies in the range 1.95 < W < 2.85 GeV. Different
spectral functions had been predicted [76] for the three decays of the Λ(1405)→ Σ+pi−/Σ−pi+/Σ0pi0 due
to the interference of isospin components. Experimentally, a difference was measured, but the surprising
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fact is that the predicted shapes do not reproduce at all the measured hierarchy. Figure 5 shows the
comparison of the theoretical predictions and experimental measurement for the three decays and the
inverted hierarchy is evident.
One of the attempts to understand the behaviour of the Λ(1405) in the CLAS data consisted in a
parameterization with momentum dependent spectral functions of three different poles [75]. Despite of
the fact that the theory predicts only I = 0 states for the Λ(1405), the three poles considered in this
analysis were one rather broad I = 0 state (M = 1338 ± 10 MeV/c2, Γ = 85 ± 10 MeV/c2) and two
I = 1 states (M = 1431±10 MeV/c2, Γ = 52±10 MeV/c2 and M = 1394±20 MeV/c2, Γ = 149±40
MeV/c2). Sizable contributions from interferences between the poles were found as well in [67].
The Λ(1405) plays also an important role in reactions at the LHC, where the LHCb collaboration
claimed the existence of several pentaquarks looking at reactions as Λb → J/ψK−p [77]. In this type
of analysis, it is important to precisely know the background stemming from different resonances, as
the coupling Λ(1405) → K¯N and the information retrieved from low energy experiments have been
employed to provide predictions for such mechanisms at higher energies [78].
2.1.4 Theoretical models for the Λ(1405) production
From the theoretical point of view, several approaches have addressed the production of the Λ(1405)
related to photon-induced, pion-induced and kaon-induced reactions as well as proton-proton collisions
and heavy-meson decays.
The work on the Λ(1405) photoproduction on proton and nuclei of Nacher et al. [73] predicted
that the detection of the K+ would be sufficient to determine the shape and strength of the Λ(1405)
resonance, whereas the detection of the resonance decay channels (piΣ) was needed in order to pin down
its properties in nuclei. This is due to the fact that the Fermi motion, because of the large momentum
of the original photon, would be blurring any trace of the resonance, if only the K+ is detected. As a
consequence, in a latter work [76] the crossed channel K−p → Λ(1405)γ had been proposed, so as to
detect a particle that interacts weakly with the nucleus, allowing to inspect the invariant mass region
below the K−p threshold, where the Λ(1405) is present. In this reaction, the smaller energy of the K−
and the exiting photon would lead to a suppression of the Fermi motion effects in nuclei, so as to detect
the shape of the Λ(1405) resonance.
The theoretical interest on Λ(1405) photoproduction increased after the CLAS measurements of the
reaction γp→ K+Σpi had been performed at Jlab, as discussed in Sec. 2.1.3. The predictions of Nacher
et al. [73, 76] did not explain the experiment, thus the posterior theoretical effort was concentrated in
reproducing the experimental data. The authors of [79] constructed a model for the photoproduction
amplitude, where the mechanism for the reaction γp → K+piΣ is decomposed into two parts. On the
one hand, the photoproduction part, γp → K+MB, where the meson-baryon (MB) with strangeness
S = −1 is described by energy-dependent coupling constants. On the other hand, the final state
interaction MB → piΣ is calculated solving the Bethe-Salpeter equation in coupled channels from the
LO chiral unitary approach. Figure 6 shows the measured Σpi invariant mass distributions for different
photon energies together with the calculations from the aforementioned model. A good agreement over
the whole energy range for all decay channels is achieved. In this theoretical work, additionally to the
two poles for the Λ(1405) resonance, the possible existence of an isospin I = 1 resonance in the vicinity
of the K−N threshold was put forward.
In Ref. [80] the γp → K+piΣ reaction was also decomposed into photoproduction and final state
interaction parts. While the final-state interaction term is described using the LO chiral Lagrangian,
similarly to [79], the photoproduction part is constructed in a gauge-invariant manner coupling the pho-
ton to the WT, the Born and the vector-meson exchange diagrams, allowing for tree-level contributions
in contrast to [79]. The experimental data on the line shapes of the three piΣ states were reproduced
and the K+ angular distribution was calculated.
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Figure 6: (Color online) Fit to photoproduction data of Ref. [79], where pi0Σ0 is in red, pi−Σ+ in blue
and pi+Σ− in green. Experimental data taken from Ref. [75].
The analysis of the Λ(1405) was later carried out in [67], using a simple semi-phenomenological model
for the photoproduction process that combines the precise NLO description of the K−p scattering data
and the kaonic hydrogen SIDDHARTA data with a simple polynomial and energy-dependent ansatz
for the process γp → K+MB, as similary done in Ref. [79]. The corresponding energy- and channel-
dependent constants were fitted to the CLAS data, constraining the hadronic solutions that were allowed
by the CLAS results.
The Λ(1405) photoproduction reactions are most sensitive to the high-energy pole of the Λ(1405)
[79]. As determined from the theoretical models using the experimental data in Fig. 4, kaon-induced
reactions such as K−p → pi0pi0Σ0 are largely dominated by a mechanism in which a pi0 is emitted
prior to the K−p → pi0Σ0 amplitude. This amplitude is contributing to the narrower state at higher
energy [68]. The pion induced reaction pi−p → K0(Σpi)0, on the other hand, is complementary, as it
gives more weight to the low-energy pole, exhibiting a peak around 1390 MeV in the piΣ invariant-mass
distributions [81]. Thus, the quite different shapes of the Λ(1405) resonance seen in these experiments
are evidences of the existence of the two-pole structure of the Λ(1405).
The kaon-induced reaction in deuteron K−d → piΣn has been also of prime interest, given the
proposed experiment at J-PARC (E31) with a 1 GeV K− beam [82]. Several theoretical models with
comparable kinematics were performed [83–85], trying to extract the information of the subthreshold
K−N interaction from the experimental spectrum. In a more recent paper [86], a full three-body
calculation of the K¯NN − piY N amplitudes on the physical real energy axis has been performed and
investigated how the signature of the Λ(1405) appears in the cross sections of the reaction.
Proton-proton collisions have been also a matter of theoretical analysis in view of the pp →
pK+Λ(1405) reaction investigated at ANKE using a 3.65 GeV/c [72]. In Ref. [87], a chiral unitary
model including three different mechanisms was constructed to analyze the two-pole structure of the
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Λ(1405). The mechanisms include single-kaon, single-pion, and single-rho exchanges. It was shown
that the kaon exchange mechanism is mostly sensitive to the high-energy pole of the Λ(1405), whereas
its combination with the pion exchange mechanism has the effect of producing strength in the low
invariant-mass part, resulting in a broadening of the invariant-mass distribution and a better agree-
ment with experiment. The shape for the sum of the three contributions as well as the total cross
section are consistent with the ANKE data within experimental and theoretical uncertainties, if one
reduces their contribution with the use of adequate form factors in the meson-baryon vertices.
It is also worth mentioning the role of the triangle singularity (TS) (a kinematical effect that leads
to a peak structure) in the production of the Λ(1405), that improves the previous calculation of [87]. In
Ref. [88], the effect of the TS on the angle and the energy dependence of Λ(1405) photoproduction was
studied. More recently, in pion-induced and proton-proton collisions a clear peak around 2100 MeV in
the KΛ(1405) invariant mass has been found, due to the resonance peak of a N∗ state that plays a
crucial role in the K∗Σ production [89]. This mechanism produces the peak of the Λ(1405) around or
below 1400 MeV, as it was seen in the HADES experiment pp→ pK+piΣ [69]. The TS appears with a
piΣ in the intermediate state, which gives a dominant role to the low energy Λ(1405) pole.
Finally, heavy decays such as Λc → pi+MB can also give some light into the structure of the
Λ(1405). Calculating the final-state interaction using a chiral unitary approach, it was found that the
piΣ invariant mass distributions have the same peak structure in the different piΣ charge combinations
that are related to the higher pole of the Λ(1405) [90].
2.2 K¯NN
2.2.1 Experimental determination of K¯NN
Figure 7: (Color online) Proton missing mass spectrum (left panel) measured in the reactionK−(4He, p)
used for the claim of the S0(3115) discovery [91]. Simulation (right panel) of the measured proton
momentum assuming different distortion effects in the signal used for the velocity measurement of the
spectator nucleon [92].
Following the interpretation of the Λ(1405) as a molecular state, kaonic bound states were searched
in several experiments.
Kaon-induced experiments performed at KEK were pioneers in the field exploiting the following
chain of processes: i) the incoming K− beam at 600 MeV/c is stopped in an atomic state (typically
4He or 3He), and then decays first electromagnetically and eventually forms a deeply bound nuclear
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state, ii) a kaonic bound state is formed in a nucleus with one nucleon less than the target nucleus,
iii) a monochromatic nucleon is emitted by the nuclear Auger process and serves as a spectator of the
state formed. If kaonic bound states such as K−npp or K−nnp are formed, they can be tagged by the
identification of a monochromatic neutron or proton.
Figure 8: (Color online) The Λp invariant mass spectrum (left panel) measured by FINUDA in K−
absorption on light nuclear targets associated to the kaonic bound state K−pp [93]. The Σ0p invariant
mass measured by AMADEUS in K− absorption on carbon target compared to simulations of different
absorption processes [94].
The KEK-PS E471 experiment was optimized such to tag precisely stopped K− beams, to measure
the proton or neutron velocity accurately and also to tag the production of such spectator nucleons
with an additional pion emission. Assuming a strong decay of the K−npp or K−nnp into a ΣNN final
state, a fast pion stemming from the weak decay of the Σ could help in selecting the events of interest.
Two claims of the observation of kaonic bound states were put forward by the E471 collaboration:
the S0(3115) [91] and the S+(3140) [97, 98]. Figure 7 shows on the left panel the missing momentum
of the spectator proton in the reaction K−4He→ p(pi) +X, where the peak at around 500 MeV/c was
interpreted as the evidence of the S0(3115), a K−npp bound state with a width of < 20 MeV.
The right panel of Fig. 7 shows the simulation of [92], that presents the effect of a wrong calibration
of the time-of-flight detectors on the momentum spectrum of the spectator proton. Indeed, a new
experiment (E549) was carried out with 10 times more statistics than the previous one, and no clear
signature of the S0(3115) could be observed. A reanalysis of the data evidenced that the claimed kaonic
bound state was due to a systematic distortion in the spectrum [92].
These first experiments came to the conclusion that inclusive measurements are not very well suited
to investigate kaonic bound states and, later on, the attention of experimentalists was focused on the
search of the smallest of the kaonic bound states, the K−pp, by means of the strong decay into Λp pairs.
The first experimental claim about the existence of the K−pp bound state was reported by the
FINUDA collaboration [93] in the stopped K− absorption reactions on 6Li, 7Li, and 12C targets. By
focusing on Λp pairs emitted back-to-back, the resulting invariant mass, prior to acceptance and effi-
ciency corrections, is shown in the left panel of Fig. 8. Since a peak is visible below the K−pp mass
threshold, this was interpreted as the signature of the creation of a K−pp bound state decaying into
the Λp final state. A binding energy of 115 + 6 − 5(stat.) + 3 − 4(syst.) MeV and a decay width of
Γ = 67 + 14− 11(stat.) + 2− 3(syst.) MeV were associated to this state.
Theoretical calculations [99] proposed an alternative interpretation of the measured Λp peak as
stemming from absorption of antikaons on two nucleons. This effect was, hence, further investigated
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Figure 9: (Color online) Left panel: K+ missing mass to the pp initial state in p + p → p + K+ + Λ
reactions at 2.85 GeV, measured by DISTO, divided by the phase-space simulation of the same final
state [95]. Right panel: K+ missing mass to the pp initial state in p+p→ p+K++Λ reactions, measured
by HADES, DISTO and COSY-TOF at kinetic energies of 3.5, 2.85 and 2.16 GeV, respectively, and
partial-wave analysis results [96].
experimentally, first by the E549 collaboration [100] and then, by the AMADEUS collaboration [94, 101].
The AMADEUS collaboration explained the Λp and Σ0p kinematic distributions, resulting from low
momentum K− absorbed in carbon targets, in terms of two and three-nucleons absorption including
final state interactions. The right panel of Fig. 8 shows the Σ0p measured invariant mass in K− +12 C
reactions together with the results from full-scale simulations considering absorption on two-, three- and
four- nucleons and possible final state interactions. One can see that the spectrum can be described
without advocating the existence of a kaonic bound state.
Another claim of the existence of the K−pp bound state was reported by the DISTO collaboration
[95] in the analysis of the reaction p+p→ p+K++Λ in a fixed target experiment at a beam energy of 2.85
GeV. In this case, the claim of the observation of a K−pp bound state was based on a deviation spectra
that resulted from dividing the measured Λp invariant mass and the K+ missing mass by full-scale
simulations. These simulations were obtained assuming pure phase-space production of the final state
after selections on the event topology, meant to enhance the acceptance of monochromatic kaons in the
final state. A binding energy of 103± 3(stat.)± 5(syst.) MeV and a width of 118± 8(stat.)± 10(syst.)
MeV were associated to the resulting deviation spectrum. This interpretation was however strongly
criticized [103], since the deviation spectrum normalized to a phase-space simulation does not take into
account the contributions of baryonic resonances decaying into the K+Λ final state. Indeed, detailed
partial-wave analyses of the same reaction p + p → p + K+ + Λ at kinetic energies between 2 and 4.5
GeV [96, 104] demonstrated the contribution of N∗ resonances with masses between 1650 and 1950
MeV and the role played by interferences among these resonances.
The left panel of Fig. 9 shows the DISTO deviation spectrum. The spectrum presents a wide
peak-structure, that has been interpreted as a bound state. The energy scale shown on the top of
the histogram indicates the binding energy. The right panel of Fig. 9 shows the experimental K+
missing mass spectrum measured by three different experiments (HADES, DISTO and COSY-TOF)
with different beam energies (3.5, 2.85 and 2.16 GeV), and within different geometrical acceptance.
One can see that the three K+ missing mass distributions can be perfectly reproduced by a partial-
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Figure 10: (Color online) Λp invariant mass spectrum measured by the E15 experiment in 3He(K−,Λp)n
[102].
wave analysis including only the contributions of N∗ resonances and no kaonic bound states. The direct
comparison of the HADES and DISTO analyses demonstrates the difficulty in drawing solid conclusions
on the matter.
The K−pp bound state was also searched by means of the γ + d→ K+pi−X reaction with Eγ = 1.5
- 2.4 GeV [105]. Using the inclusive missing mass of the K+pi− to the colliding system, structures were
searched and not found, whereas upper limits for the production of a K−pp bound state in the order of
1 µb were extracted.
A drastic improvement in the search of kaonic bound state has been achieved only recently by the
E15 experiment, where a distinct peak in the Λp invariant mass spectrum, measured for the reaction
3He(K−,Λp)n, has been found below the mK + 2mp threshold, after a selection on the neutron momen-
tum to enhance events with a large momentum-transfer (q = 360 − 650 MeV/c) [102]. The analysis
carried out by the E15 experiment shows that the peak below threshold appears in correspondence with
a large momentum for the detected neutron. This implies that the formation of the K−pp bound state
occurs associated to a large momentum transfer of the incoming kaon beam to the target. This is the
first analysis that succeeds in measuring the whole event kinematics and, hence, the claimed observation
is based on a more solid ground. The binding energy and width associated to the peak shown in Fig. 10
are found to be equal to BKpp = 47± 3(stat.)+3−6(syst.) and ΓKpp = 115± 7(stat.)+10−20(sys.) MeV. In the
next Sec. 2.2.2, the theoretical interpretation of this measurement is discussed.
2.2.2 Theoretical predictions for K¯NN
The dynamical generation of the two-pole structure of the Λ(1405) indicates that the K¯N interaction
might be attractive enough to produce bound states. As discussed in Sec. 2.2.1, K¯-nuclear clusters may
form, such as the K¯NN in isospin I = 1/2 and Jpi = 0−. From the early predictions of Ref. [118], the
I = 1/2 K¯NN state has been extensively studied, both theoretically and experimentally (see Ref. [10]
and references therein).
From the theoretical point of view, several works have addressed the existence of this state together
with its mass and width. In Table 2 we show a summary of the most recent results on K−pp binding
energies (B) and widths (Γ) resulting from these models. In this table, we differentiate between vari-
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Work B [MeV] Γ [MeV] Method Type of potential
Barnea et al. [106] 16 41 Variational chiral
Dote et al. [107] 17-23 40-70 Variational chiral
Dote et al. [108] 14-50 16-38 ccCSM chiral
Ikeda et al. [109] 9-16 34-46 Faddeev chiral
Bayar et al. [110] 15-30 75-80 Faddeev chiral
Sekihara et al. [111] 15-20 70-80 Faddeev chiral
Yamazaki et al. [112] 48 61 Variational phenomenological
Shevchenko et al. [113] 50-70 90-110 Faddeev phenomenological
Ikeda et al. [114] 60-95 45-80 Faddeev phenomenological
Wycech et al. [115] 40-80 40-85 Variational phenomenological
Dote et al. [116] 51 32 ccCSM phenomenological
Revai et al. [117] 32/ 47-54 50-65 Faddeev chiral/phenomenological
Table 2: Binding energy and width of K−pp for different chiral and phenomenological calculations
using variational, Faddeev or ccCSM+Feshbach methods.
ational, three-body Faddeev calculations or the more recent coupled-channel Complex Scaling Method
(ccCSM). For each of them, we distinguish between those where the two-body interactions are based
on χEFT theory or a phenomenological model, usually energy independent. We observe that there is a
disparity of values for the binding energy and the width of the K−pp bound state, with binding energies
ranging between 9 and 95 MeV, while the decay widths cover values between 16 and 110 MeV.
The variety of values for the binding energy and width is due to different sources. One of the reasons
is the uncertainties in the subthreshold extrapolation of the K¯N interaction. While in the vicinity of the
K¯N threshold the phenomenological models and chiral effective approaches roughly agree, as they fit
the available K¯N data close to threshold, the effective interaction deduced from chiral SU(3) dynamics
turns out to be less attractive than the phenomenological potentials in the subthreshold region. As
a result, the chiral energy dependent interactions give binding energies considerably lower than those
of static phenomenological interactions. The trend is that the K¯N I = 0 interaction gives rise to a
quasi-bound state at higher energies in the chiral approaches as compared to the phenomenological
ones. The use of variational or Faddeev calculations leads to certain approximations that explain
additional differences between the approaches. Variational calculations use effective K¯N interactions,
where the effect of the piΣ channels are introduced in the non-locality and energy dependence of the
off-shell K¯N amplitude. In this way, they do not account for the specific features of the full three-
body K¯NN − piY N coupled-channel problem, which is handled correctly in the Faddeev calculations.
However, although dealing with the full K¯NN dynamics, the Faddeev approaches have to deal with
separable two-body interactions. More recently, the ccCSM allows for the treatment of the full coupled
channels and resonant states to study K−pp, thus involving the merits of the variational and Faddeev
approaches, but with a high computational cost. However, the two-nucleon absorption K¯NN − Y N is
not considered yet, in spite of claims of having a sizable contribution to the K−pp width [110].
Certain experimental claims of the formation of K−pp have been re-interpreted in terms of conven-
tional mechanisms, as discussed in Sec. 2.2.1 for the FINUDA, AMADEUS and COSY-TOF experi-
ments, and following the discussion in Refs. [94, 96, 99, 103, 119]. On the other hand, the J-PARC
E15 experiment for the in-flight 3He(K−,Λp)n reaction is free from final state interactions, leading to a
much cleaner signal of the possible K−pp bound system. The authors of Ref. [111] have evaluated the
Λp invariant mass spectrum considering two possible scenarios, in order to interpret the observed ex-
perimental peak. The first one assumes that the Λ(1405) is generated after the emission of an energetic
neutron from the absorption of the initial K−, but not giving rise to a bound state with the remaining
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proton. This system decays in the final Λp afterwards. The second scenario implies the formation of a
K¯NN bound state after the emission of the energetic neutron, finally decaying into Λp. The authors
obtain a two-peak structure of the mass spectrum near the K−NN threshold and interpret the peak
below the threshold as the signal of the K¯NN bound state with binding energy of 15-20 MeV and width
of 70-80 MeV (see Table 2), while the peak above threshold originates from the quasi-elastic scattering
of the kaon in the first collision emitting a fast nucleon.
2.3 Kaons and Antikaons in Matter
2.3.1 Theoretical approaches for kaons in matter
As we mentioned in the discussion of the two-body KN interaction in Sec. 2.1.1, the latter is considered
to be smooth since no baryonic resonances with positive strangeness would exist. Hence, the K single-
particle potential, UK , that results from the interaction with the surrounding nuclear medium can be
described at low densities by
UK ∼ TKN−KN ρ, (6)
using the so-called low-density theorem or, in other words, within the Tρ approximation. The low-
density theorem is based on the fact that the two-body KN interaction in dense nuclear matter can be
approximated by the free KN two-body scattering (see Eq. 1), as it is not expected that the propagation
of kaons in a nuclear medium will be much different than the one in free space.
Early results were based on a Nambu and Jona-Lasinio (NJL) model within the low-density approxi-
mation [5]. This is an effective chiral model for nucleons and mesons that realizes the spontaneous chiral
symmetry breaking mechanism, and it is constructed in a similar manner as Cooper pairs of electrons
in the BCS theory of superconductivity. Within this model, the authors obtained a maximum change of
10% in the K+ mass for nuclear matter saturation density (ρ0 ∼ 0.16fm−3). In Ref. [120] a similar mass
change was calculated within the relativistic-mean-field approach (RMF), that is, within a covariant
effective model where baryons interact through the exchange of mesons, and the mesons are replaced by
their respective mean-field expectation values. This approach used, as starting effective interaction, ei-
ther a one-boson model (OBM) or chiral perturbation theory (χPT) for the KN interaction. This result
is indeed expected as the behavior in matter follows from the low-density theorem, with the coupling
constants fixed to the KN scattering lengths. Differences, though, arise for densities around and above
2ρ0, when further medium corrections to the effective K
+ mass should be considered, such as the Sigma
term contribution, ΣKN [120]. This term is related to the explicit chiral symmetry breaking. Also, a
calculation based on the quark-meson coupling (QMC) was performed in [121], where the interaction
between kaons and nucleons is determined by the exchange of mesons between the quarks in a bag that
conformed the kaons and nucleons. Within this framework, a repulsive potential for kaons with a value
of less than 20 MeV was found, if a rescaling of the coupling of the ω meson to the non-strange quark
in the kaon is not performed.
The KN effective interaction has also been studied within unitarized coupled-channel approaches,
taking the SU(3) chiral effective Lagrangian as kernel of the interaction [53, 57], which is the Lagrangian
of Eqs.(3,4), introduced in Sec. 2.1.2. The inclusion of medium corrections on the KN amplitude
beyond the Tρ approximation, such as Pauli blocking, Fermi motion in the K dispersion relation or a
self-consistent treatment, has given rise to small changes of about 10% or less in the K mass [122–124].
However, the theoretical models of the kaon optical potential based on the low-density approxima-
tion fail systematically in reproducing K+-nucleus total and reaction cross sections, underestimating
the data by about 10-15% [125]. Although several mechanisms have been explored (such as swelling
of the nucleon, meson-exchange currents, a smaller mass for the exchanged vector mesons than the
nominal ones), there is no satisfactory solution to this problem (see Ref. [1] and references therein).
The approach of Ref. [126] considered the interaction of the K+ with the pion cloud of the nucleus,
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K+ K− type
NN −→ NYK+ NN −→ NNK+K− strangeness production
primary/secondary
piN −→ Y K+ piN −→ NK+K− strangeness production
secondary
NY −→ NNK− strangeness exchange
piY ←→ NK− strangeness exchange
Y K+ −→ piN strangeness absorption
NK+ ←→ NK+/0 NK− ←→ NK−(K0) elastic/charge exchange
Table 3: Elementary hadronic reactions which are relevant for kaon and antikaon dynamics at interme-
diate energies. N stands for nucleons or nucleon resonances, and Y for hyperons (Λ,Σ). Table adapted
from [2].
leading to a significant improvement of the differential and total K+ nuclear cross sections. Alterna-
tively, substantially improved fits to the data were achieved by incorporating the absorption of K+ by
nucleon pairs via the inclusion of the Θ+(1540) pentaquark [124, 127, 128], although the evidence of
the pentaquark has faded away in the last years.
An alternative way to determine the kaon optical potential is to analyze the formation and propaga-
tion of kaons in the dense medium created in pion-nucleus, proton-nucleus or nucleus-nucleus collisions
for intermediate beam kinetic energies (GeV). As we will discuss in the next Sec. 2.3.2, several ex-
periments have been performed in the recent years and there is a strong need for understanding the
properties of K (and K∗) in dense matter. A detailed analysis of the theoretical KN (and K∗N) cross
sections and scattering lengths has been performed recently, based on a unitarized coupled-channel
model involving both pseudoscalar and vector mesons with baryons in the strangeness S= +1 sec-
tor [129], with the motivation of testing these improved cross sections in proton- and nucleus-nucleus
collisions.
The analysis of heavy-ion experiments (HICs) for the extraction of the kaon optical potential requires,
however, the use of transport models. Transport models provide the link between the experiments
and the underlying physical processes, as they take into account the dynamics of the production and
propagation of all kind of particles and, in particular, of strange mesons (see Ref. [3] for a recent review
on strangeness production). Those models are based on the solution of Boltzmann-type semi-classical
transport equations, that can be derived from non-equilibrium quantum field theory.
Such hadronic transport models propagate one-body phase space distributions in self-consistent
potentials, and account for elastic and inelastic two-body scattering processes. The various hadron
species are coupled via production and absorption processes, and by their mean fields. Transport
models are generally mean-field approaches which rely on the quasiparticle approximation. Those
include the Boltzmann-Uehling-Uhlenbeck (BUU) approach [130] or the quantum-molecular-dynamics
(QMD) approach [131]. Among the latter, we note the recent hadronic transport approach of SMASH
[132]. Whereas kaons can be treated as quasiparticles also in a dense environment due to its weak
interaction with the surrounding medium, antikaons require to account for off-shell effects beyond the
quasiparticle approximation. Therefore, a transport model for off-shell propagation of particles beyond
the quasiparticle approach has been developed, the Hadron-String-Dynamics model (HSD) [133].
Coming back to kaons, those are produced at supra-normal densities and during the early stages of
HiCs (e.g. for incident energy of 1 AGeV they reach chemical freeze-out after 15 fm/c). However, at
such timescales, the surrounding nuclear environment is still in a non-equilibrium state. The various
channels for kaon production are shown in the first column of Table 3, adapted from Ref. [2]. For
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kaons, those include primary and secondary strangeness production reactions, strangeness absorption
mechanisms and elastic/charge exchange reactions. Only strangeness exchange mechanisms can happen
for antikaons. Strangeness production can be classified into nucleon induced (NN −→ NYK+, NN −→
NNK+K−) and pion induced (piN −→ Y K+, piN −→ NK+K−) reactions, whereN indicates a nucleon
or a nucleon resonance, and Y stands for hyperons (Λ,Σ). Primary reactions are those reactions with
two nucleons in the entrance channel, whereas secondary reactions have at least one nucleon resonance in
the entrance channel. Meson induced reactions are of secondary type. Note that primary reactions are
dominant for kaon (and antikaon) production at higher energies, and thus contributing dominantly to
the high momentum part of the spectra, whereas at subthreshold energies the production is dominated
by the secondary ones.
In order to derive the kinetic equation describing the production and propagation of kaons, one
should start from the non-equilibrium real time Green’s function formalism. After truncation of the
Green’s function hierarchy at the two-body level, one gets the Kadanoff-Baym equations for the one-
body Green’s function. After a gradient expansion of Wigner transforms, one arrives finally at the
semi-classical kinetic equation (see Ref. [2] for a brief description of the relevant steps and details). In
the Hartree approximation, that is neglecting the momentum dependence on the self-energy 1, it reads
[2]
[
k∗µ∂xµ + (k
∗
νF
µν +m∗∂µxm
∗) ∂k
∗
µ
]
(af)(x, k∗)
=
1
2
∫ d4k2
(2pi)4
d4k3
(2pi)4
d4k4
(2pi)4
a(x, k)a(x, k2)a(x, k3)a(x, k4)W (kk2|k3k4)
× (2pi)4δ4 (k + k2 − k3 − k4) [f(x, k3)f(x, k4) (1∓ f(x, k)) (1∓ f(x, k2))
− f(x, k)f(x, k2) (1∓ f(x, k3)) (1∓ f(x, k4))] , (7)
with a the scalar spectral function, and f the scalar distribution function of kaons in our case. The
left-hand side of Eq. (7) is given by a drift term (the Vlasov term) driven by the mean field via the
kinetic momenta k∗, the field strength tensor F µν(x) = ~pνxReΣ
+µ
H (x)−~pµxReΣ+νH (x), with Σ+ the retarded
self-energy of kaons in the Hartree approximation, and the effective mass m∗. The right-hand side of
Eq. (7) is a collision integral, that contains the transition rate W or the in-medium cross section given by
(k∗+k∗2)
2dσ/dΩ(k, k2) = W (kk2|k3k4). The collision term includes Pauli-blocking or Bose enhancement
factors (1 ∓ f) for the final states. Note that dealing with different interacting particle species leads
to a coupled-channel transport model, where one has to solve a separate transport equation for each
degree of freedom.
The theoretical predictions for the collective flow pattern and spectra as well as abundances of K+
thus result from the solution of the kinetic equation for the K+ in proton-proton and proton-nucleus
reactions, and HICs, as shown in Sec. 2.3.2. The crucial ingredient is the K+ self-energy or the non-
relativistic kaon potential. In Fig. 11 we show the repulsive kaon potential coming from χPT, used in
BUU simulations of the Giessen group (GiBUU) for proton-induced K0 production in p+ p and p+ Nb
collisions, measured with the HADES detector at a beam kinetic energy of 3.5 GeV [134]. The χPT
optical potential shows a non-linear behaviour with density and an explicit momentum dependence,
especially at high energies, resulting from the combined effect of the WT interaction and the ΣKN
term contribution. For the kaon at rest and at normal nuclear density, the χPT potential amounts to
∼ 35 MeV.
1The K self-energy is the potential felt by the K meson due to the interaction with the surrounding medium. In the
non-relativistic approximation, it is referred to the K single-particle potential.
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Figure 11: (Color online) In-medium χPT kaon potential U = E∗ − E (in MeV) as a function of the
baryonic density and the kaon momentum, where E is the free spectrum. Figure taken from [134].
2.3.2 Experimental measurements of kaons in matter
Precise measurements of the total, inelastic and quasi-elastic cross sections for charged kaons impinging
on different nuclear targets were carried out in the nineties at BEVALAC [125, 135, 136]. There,
secondary K+ beams at momenta varying between 400-700 MeV/c were impinged on different targets
(D,C, Li, Ca), and the measured cross sections were compared to state-of-the-art calculations based on
the low-density approximation. The ratio of the total reaction cross sections off different targets with
respect to the deuterium target as a function of the kaon momentum was found much larger than the
calculation. This effect was interpreted as due to the enhanced medium modification of kaon properties
within nuclei [125]. More exclusive studies allowed to isolate the elastic cross section, where the ratio of
the cross section for different targets as a function of the emission angle also shows larger values than
predicted by the theory [136]. This further disagreement was interpreted as caused by the limitation of
the optical models in the data interpretation.
When one considers kaons produced in proton-, photon-, pion-induced or in HICs several mechanisms
contribute to the final spectra and the in-medium properties of kaons become more challenging to isolate.
Pion-nucleon and nucleon-nucleon collisions have been used to extract the elementary production
cross sections for fixed target experiments with beam energies between 1 and 3 GeV [3]. But, already
when considering pi−+A reactions, transport models can not perfectly reproduce the experimental data.
The left upper panels of Fig. 12 show the differential cross sections for K0S produced in pi
− + C
and pi− + W reactions with a beam kinetic energy of 1.7 GeV measured by the HADES experiment,
compared to several transport models. The lower left panels display the relative difference between
the data and the transport distributions, and sizable differences can be recognized. The transport
predictions have been calculated without any in-medium potential. A similar trend is observed for
the measured K+ spectra in the same colliding system. The differences can be due to the incomplete
implementation of intermediate resonances for the kaon production, that do play a role in reactions with
nuclear targets, since the Fermi momentum of the nucleons within the target allows for intermediate
resonance excitations.
The situation becomes even more entangled if proton-induced reactions are considered. The right
21
0 200 400 600 800
 [MeV/c]
T
p
50−
0
50
(S
im
-E
xp
)/E
xp
 [%
]
x 0.15
200 400 600 800
 [MeV/c]
T
p
50−
0
50
(S
im
-E
xp
)/E
xp
 [%
]
x 0.2
0 200 400 600 800
]c [MeV/
T
p
1
310
610
910
1210)]
c
 
M
eV
/
y
∆
b/
(
µ
) [yd
Tp
/(d
σ2 d
(a))210× y < 0.30 (≤0.15 
)610× y < 0.60 (≤0.45 
)1010× y < 0.90 (≤0.75 
 XS
0
 K→ + C −pi
200 400 600 800
]c [MeV/
T
p
1
310
610
910
1210)]
c
 
M
eV
/
y
∆
b/
(
µ
) [yd
Tp
/(d
σ2 d
(b)Gibuu
UrQMD
 XS
0
 K→ + W −pi
Figure 12: (Color online) Left upper panels: Differential cross sections of K0S (points) as a function
of transverse momentum for pi−C (a) and pi−W (b) reactions at 1.7 GeV for three rapidity bins and
comparisons to GiBUU (solid curve) and UrQMD (dotted curve). Lower left panels: Deviation of the
two transport models from to the cross section of K0S as a function of rapidity. All deviations for
the UrQMD model are scaled by the factor indicated in black. Right panel: Calculated K+ spectra
measured in p + C reactions at energies above the threshold as compared to the experimental results
of the ANKE Collaboration [137]. Full red line: Standard IQMD version. Dotted black line: Standard
without K+ nucleus potential. Green dashed-dotted: Standard without Fermi motion. Dotted magenta:
Superposition of pp cross section. Taken from [3].
panel of Fig. 12 shows the measured and calculated K+ differential spectra in p + C reactions at
energies below and above the NN threshold for K+ production measured by the ANKE collaboration
[137]. Different versions of the model are considered, but none delivers a good agreement with the
experimental data.
In p+A collisions secondary and tertiary reactions driven by either pions or intermediate resonances
contribute to the kaon yield [96], and the shown comparison to the experimental data prove that all
these effects are yet not under control.
Also, in-medium modifications of the kaon properties could modify the measured kaon yields, since
a repulsive interaction within nuclear matter would decrease the kaon production close to the threshold.
These effects could show up already in p + A and pi− + A reactions, since the target nuclei provide a
finite density although smaller than the saturation density.
In order to quantify the in-medium effects in an alternative way, the rapidity and momentum
distribution of K0S or/and K
+ have been analyzed by several experiments: KaoS [140], FOPI [138]
and HADES [17, 134] at GSI.
We consider first pion-induced reactions measured at GSI. These experiments are rather challenging
due to the fact that secondary pion-beams have large emittance and limited intensities. The left panel
of Fig. 13 shows the rapidity distributions of K+ and K− produced in pi− + C and pi− + W reactions
with an incident beam momentum of 1.65 GeV/c measured by the HADES spectrometer at GSI [17].
One can see that the K+ rapidity distributions differ strongly between the two targets, and that for the
heavier target the kaons are predominantly emitted in the backward direction (the arrow represents the
22
Figure 13: (Color online) Left panel: Cross sections of K+ and K− in pi−+C and pi−+W collisions as a
function of rapidity measured with the HADES spectrometer. The shaded bands denote the systematic
errors. The open boxes indicate the normalization error. The statistical uncertainties are smaller than
the symbol size. The arrow indicates the rapidity [17]. Right panel: Ratio of the K0/K+ yields produced
by pions (protons) on heavy and light targets plotted as a function of the momentum and comparing
to theoretical predictions assuming different in-medium potentials [138]. The measurements have been
carried out by the FOPI and ANKE collaborations. See text for details.
center of mass rapidity of the piN system). This clearly indicates the effect of multiple scattering within
larger nuclei. A direct comparison of the rapidity distributions to transport models to check whether
this effect is due to an enlarged scattering cross section in the medium with respect to the vacuum KN
scattering is, unfortunately, not straightforward. Indeed, this comparison depends on the production
cross sections included in the transport codes. Still, the data are now available and can be used in the
future as reference.
If we consider the momentum distributions of kaons in pi−-induced reactions, the right panel of
Fig. 13 shows how neutral kaons have been measured by the FOPI collaboration [138]. This plot
presents the comparison of the K0S momentum measured in pi
− +C and pi− + Pb collisions at a kinetic
energy of 1.15 GeV to different versions of the transport code HSD that include an in-medium repulsive
potential for the K0S of varying strength (10, 20, 30 MeV). The figure shows that, within this model, the
effect of a repulsive potential pushes kaons to higher momenta creating a depletion at low momenta.
One can also see that the assumption of a repulsive potential of 20 MeV provides the best agreement
between the transport calculations and the data. Possible effects at momenta higher than 700 MeV/c
can not be verified here, since the phase space of the experimental measurement is limited. One should
also note that the involved transport model do not reproduce the inclusive kaon spectra for the same
reaction.
Figure 14 shows the ratio of the momentum distribution of K0S produced in p + Nb reactions at a
kinetic energy of 3.5 GeV for two different bins in the polar emission angle θ in the laboratory reference
system [134]. Forward emission angles in the laboratory frame are selected, since for this phase space
region the effect of the potential is more evident due to the longer average path of kaons within the
nucleus.
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Figure 14: (Color online) Left panel: Ratio of the experimental momentum distributions in two neigh-
bouring rapidity bins together with the prediction by the GiBUU model including the chiral potential
(cyan histogram) and without any potential (blue histogram) [134]. Right panel: Comparison of the
experimental laboratory momentum spectra with IQMD calculations [3], including and excluding the
K+nucleus potential. The data are from the KaoS Collaboration [139].
The experimental ratio is compared to the predictions by the GiBUU transport model including a
chiral interaction potential for the kaons within the nucleus (cyan histogram), or without any potential
(blue histogram). In this comparison, the clearer effect of the in-medium kaon scattering is seen for
larger momenta, starting from 800 MeV/c, and the scenario with the potential is preferred by the data.
The very low momenta region (p < 200 MeV/c) is not accessible in this experiment. The potential
used in the transport model for this comparison is the same shown in Fig. 11 and discussed in Sec.
2.3.1.
If one combines the findings presented in [138] and [134], one can see that some evidence of a
repulsive interaction between 20 and 40 MeV at saturation density for neutral kaons within nuclei is
visible. The effect is present at both small and large momenta, but the conclusions are still extremely
model dependent. The results are although obtained with different implementations of the kaon-nucleus
potential since the HSD employed in [138] contains only a density dependent interaction, while in [134]
the chiral potential has been employed in the GiBUU code for the comparison.
When going to HICs, the production of kaons is mainly mediated by intermediate resonances [3]
in reactions as N∆ or even ∆∆. This makes the uncertainties on the kaon production cross section
rather large. A lot of work has been invested in transport models to include all contributing production
channels, and implement optical potentials to describe the propagation of kaon within nuclear matter
produced in HICs. Also, in this case, the measured momentum and rapidity distributions have been
compared to transport code predictions.
The right panel of Fig. 14 shows the K+ momentum distribution measured by the KaoS collaboration
in Au+Au collisions at 1.5 AGeV [139], in comparison with IQMD calculations with or without a
repulsive and density dependent kaon-nucleus potential [3]. One can see that the calculation including
the repulsive potential are in better agreement with the experimental data, and that the effect of the
potential is more pronounced for small kaon momenta, but visible over the whole momentum range.
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Figure 15: (Color online) Left panel: Inclusive invariant cross sections of K+at mid-rapidity as a
function of the kinetic energy for C + C (left), Ni + Ni (middle) and Au + Au (right) reactions at
various beam energies measured by the KaoS collaboration [3]. The calculations refer to the HSD model
[141]. The dashed lines refer to the option without K+nucleus potential, the solid ones to that with
K+nucleus potential. Right panel: Transverse momentum of K0S is measured in Au + Au collisions at
1.23 AGeV by the HADES collaboration [142].
The left panel of Fig. 15 shows the inclusive invariant cross sections for K+ at mid-rapidity2 as a
function of the collision energy in the centre-of-mass system for three different colliding systems (C+C,
Ni+Ni and Au+Au). In this case, the KaoS data are compared to the predictions by the HSD model
[141]. Also in this case, the calculations with and without potential are shown. One can see that the
contributions of the repulsive kaon potential is visible already in C+C collisions, but the effect becomes
more evident in larger colliding systems, since higher baryonic densities can be reached. The data seem
in good agreement with the theoretical models.
The right panel of Fig. 15 shows the transverse momentum distribution for K0S measured in Au+Au
collisions at a kinetic energy below the production threshold, 1.23 AGeV, by the HADES collaboration
[142]. The data are compared to transport model predictions normalized to the total experimental
yield, and including calculations with or without a repulsive kaon-nucleus potential. This comparison is
more qualitative than the one carried out for reactions above threshold as all of the models over-predict
the kaon production yields by more than 20%, and does not deliver a consistent picture for all the
transport models. On the other hand, an energy scan of the kaon production in HICs is necessary to
draw solid conclusions. When considering the momentum spectra for different colliding systems and
their comparison to transport models, we find that any transport model can to this end reproduce all
hadron spectra in several colliding systems with similar energies.
An alternative method to study the in-medium properties of kaons exploits the investigation of the
elliptic and radial flow of kaons. The concept of flow comes from the fact that the azimuthal distribution
of the emitted particles is often parameterized in a Fourier series as
dN(y)
dφ
= C[1 + 2v1(y)cos(φ) + 2v2(y)cos(2φ) + ..], (8)
2Rapidity region perpendicular to the beam axis in the center-of-mass reference system
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with y being the rapidity, φ the particle azimuthal angle with respect to the reaction plane3, and v1
and v2 the parameters to be determined. The parameter v1 is called radial or in-plane flow. It assumes
positive values when particles are emitted in the same direction as the projectile on the reaction plane,
or negative values when they follow the target. The parameter v2 is called elliptic or out-of-plane flow.
It indicates if particles are emitted more in a direction perpendicular (v2 < 0) or parallel (v2 > 0) to
the reaction plane. These observables can be experimentally measured for all particles, including kaons,
and reflect the interaction of tagged particle with the nuclear medium created in the collision. The
repulsive K+-nucleus potential accelerates the K+ to the side opposite to that of the projectile/target
remnant, but, on the other hand, rescattering collisions have the opposite effect by aligning the K+ to
the flow of the nucleons. The final distribution is, hence, a combination of both effects and is sensitive
to the number of rescattering collisions as well as to the K+ nucleus potential.
Figure 16: (Color online) v1 versus pT for protons (triangles) and K
+ (dots) for semi-central (left) and
central (right) Ru+Ru reactions at 1.69A GeV [143]. The curves and shaded area show the predictions
of the RBUU model for different interacting potentials.
Figure 16 shows the parameter v1 extracted from experimental data by analysing the azimuthal
angle distributions of protons and K+ as a function of the particle transverse momentum, measured
in semi-central (left) and central (right) Ru + Ru reactions at 1.69 AGeV. The experimental data are
shown together with the predictions by the transport model RBUU [133], with different assumptions
on the K+-nucleus potential. One can notice that the prediction of the sensitivity of the v1 parameter
to the potential is rather significant, specially for semi-central collisions. This data are best reproduced
assuming a repulsive potential with a value of 20 MeV for kaons at rest, and for a density equal to
saturation density.
This result has been confirmed also in other studies of kaon flow, carried out by the FOPI [144]
and KaoS [139] collaborations. One can, hence, summarize the findings about the properties of kaons
in medium by saying that a repulsive potential between 20 and 40 MeV was measured in different
experiments.
However, these interpretations do not go without criticisms, since the so far summarized conclusions
are all rather model-dependent. Any modification of the production cross sections, scattering probability
and inelastic cross sections would modify the data description. On the other hand, the experimental
searches did exploit all the possible observables and a rather consistent picture was obtained for kaons.
Antikaons, on the other hand, are much more challenging to describe, as we will see in Sec. 2.3.5.
3The plane spanned by the direction of the beam particle and impact parameter of the two nuclei at the collision point
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Figure 17: (Color online) Left panel: Dependence of the multiplicities of K+ (upper panel) and of K−
mesons (middle panel) as well as of pions (lower panel) on Apart [139]. Full symbols denote Au+Au,
open symbols Ni + Ni, both at 1.5 AGeV. Right panel: Strange hadron multiplicities divided by the
average participant number Apart as a function of Apart, measured in Au+ Au collisions at 1.23 AGeV
by the HADES collaboration [142].
If we consider that the NN production threshold for K+ and K− lay at 1.58 GeV and 2.5 GeV,
respectively, it is clear that most of the HICs measured by the KaoS, FOPI and HADES collaboration
concern sub-threshold production of antikaons and often also of kaons. The assumption made in some
of the analyses of kaon and antikaon production [3, 139] is that single NN collisions serve as reservoir
to collect the necessary energy to produce kaons. The intermediate excitation of baryonic resonances
would then play a major role.
This working hypothesis might be completely made obsolete by the fact that a sort of universal
scaling for the measured multiplicity of strange particles as a function of the number of participating
nucleons in the reactions is observed. Already the KaoS collaboration made this observation for K+ and
K− produced in Ni+Ni and Au+Au collisions, as seen in the left panel of Fig. 17 by showing the K+
and K− multiplicities divided by number of participants as a function of the number of participants.
Further, measurements in Au+Au collisions at 1.23 AGeV, hence below the NN threshold for both
kaon species, confirm this universal scaling as a function of Apart for all strange hadrons. This effect
was expected for K+ and Λ due to associated production, and for K− due to coupling by strangeness
exchange to the former ones, but not at all for the φ The right panel of Fig. 17 demonstrates this
universal scaling. This observation does not support the interpretation of HICs at intermediate energies
as a superposition of primary and secondary NN collisions, but indicates the presence of an intermediate
pre-hadronization phase common to all hadrons, despite of the different mass and quark content. Clearly
effects as re-scattering, mean potential and absorption can be also present, but they will be difficult to
disentangle.
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Figure 18: (Color online) Diagrams showing the effective K¯N interaction in vacuum via the Bethe-
Salpeter equation (upper panel), the effective K¯N interaction in matter (middle panel) and the Dyson-
Schwinger equation for the self-energy (lower panel).
2.3.3 Theoretical approaches for antikaons in matter
Antikaons in matter have been extensively studied from the theoretical point of view. Early works on
RMF (based on OBM or χPT [120]) or QMC schemes [121] obtained very deep potentials of a few
hundreds of MeVs at ρ0. However, most of these models have assumed that the low-density theorem is
valid for the calculation of the K¯ optical potential in dense matter. As compared to the KN interaction,
the applicability of the low-density theorem for the K¯ in matter is doubtful, since the behaviour of
the K¯N interaction close to threshold is dominated by the presence of the Λ(1405), as discussed in
Sec. 2.1.2. Thus, it is of fundamental importance to study the properties of the Λ(1405) in matter and
the consequences on the K¯N scattering amplitude and, thus, on the K¯ optical potential.
One way to proceed is to use unitarized theories in coupled channels in dense matter, starting
either from χEFT with strangeness [122, 145, 148] or from meson-exchange models [149, 150]. The
idea is to address the meson-baryon scattering in matter by solving an equivalent equation to the
Bethe-Salpeter one (see Eq. 1), introducing medium corrections in the intermediate coupled-channel
meson-baryon propagators. This is shown in Fig. 18. In the upper panel, we display the diagram
for the Bethe-Salpeter equation, where the effective interaction is indicated with a red filled square
and the microscopic meson-baryon interaction (or potential coming from chiral dynamics or meson-
exchange models) is shown with a green filled circle. The middle panel represents the in-medium
effective interaction (violet filled square), where the dressed meson is indicated with a dotted double
line. The dressed baryon propagator takes into account, on the one hand, Pauli blocking so as to
forbid access to already occupied Fermi levels (two tilted vertical lines), and, on the other hand, the
modification of the baryon spectra due to the medium (solid double red line).
In the lower panel of Fig. 18, we also show the Dyson-Schwinger equation for the calculation of
the meson self-energy (at the lowest order). Indeed, the determination of the in-medium K¯N effective
interaction demands that the Dyson-Schwinger equation for the K¯ self-energy and the equation for the
effective K¯N interaction have to be solved simultaneously. This is due to the fact that the dressed
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Figure 19: (Color online) Left panel: Diagrams for the three in-medium corrections: incorporation of
Pauli blocking (upper panel), self-consistent inclusion of antikaon dressing (middle panel) and imple-
mentation of of pion and antikaon dressing (lower panel). Right panel: Effects of the previous in-medium
corrections on the behaviour of the Λ(1405) in matter, taken from [145].
K¯ propagator and, hence, the K¯ self-energy enter in the meson-baryon intermediate loop when K¯
and nucleons are considered, and this self-energy, in turn, depends on the in-medium K¯N effective
interaction, as seen in the lower panel. Hence, a self-consistent procedure is required in order to finally
obtain both the in-medium K¯N effective interaction and the K¯ self-energy.
As previously discussed in Sec. 2.1.2, the K¯N amplitude close to the K¯N threshold (for S-wave) is
determined by the behaviour of the Λ(1405). Thus, any change in the behaviour of the Λ(1405) induced
by the presence of matter will affect the in-medium K¯N and, hence, the value of the antikaon potential.
The attractive antikaon potential within unitarized coupled-channel models is a consequence of the
modified S-wave Λ(1405) resonance in the medium due to several effects: a) the consideration of Pauli
blocking on the baryon states in the intermediate meson-baryon propagator [151]; b) the inclusion of the
K¯ self-energy [148] in the propagation of K¯ in matter, that is, the ”dressing” of a K¯ due its interaction
with the surrounding nucleons; and c) the implementation of self-energies of the other mesons and
baryons in the intermediate states [145]. These effects are pictured in the left panel of Fig. 19, whereas
the effect on the behaviour of the Λ(1405) is seen in the right panel.
The right panel of Fig. 19 displays the real part (on the left) and imaginary part (on the right) of
the K−p→ K−p scattering amplitude for a total momentum | ~pK + ~pN |= 0 as a function of √s. The
results are shown for several densities and the inclusion of the different medium modifications earlier
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Figure 20: (Color online) K¯ spectral functions for two chiral approaches (left figure taken from [146]
and right figure from [147]).
discussed. The Pauli blocking effects on the nucleonic propagator (upper left panel) moves the Λ(1405)
to higher energies, thus changing its position from 27 MeV below the K−p threshold to above it at
finite density. The resonance shape remains unaltered, whereas appearing, for a given density, below
the new threshold imposed by the Pauli principle, i.e. mK + M + p
2
F/2M , where mK is the antikaon
mass and M the nucleon mass. When including the Pauli blocking as well as the self-energy of the K¯
meson (middle left panel), the Λ(1405) stays close to the free space value smearing out with density.
This is due to the cancellation between the Pauli blocking effect and the attraction felt by the K¯ meson.
The inclusion of self-energies of the mesons and baryons in the intermediate states, and, in particular,
of pions (lower left panel) induces a further broadening of the Λ(1405). Indeed, new channels appear
when pions are dressed in the medium, such as K¯NN → Y N or K¯NN → Y∆, with Y = Λ,Σ.
Once the K¯N effective interaction in matter and, hence, the K¯ self-energy are determined, it is
possible to obtain the spectral representation of the K¯ propagator as
SK¯(ω, ~q) = −
1
pi
ImDK¯(ω, ~q) = −
1
pi
Im ΠK¯(ω, ~q)
| ω2 − ~q 2 −m2
K¯
− ΠK¯(ω, ~q) |2
, (9)
where DK¯(ω, ~q ) stands for the propagator and ΠK¯(ω, ~q) is the K¯ self-energy. In both expressions, the
energy (ω) and momentum (~q) of the K¯ are treated separately, as the energy and momentum of a
particle in the medium are not correlated.
The K¯ self-energy is shown in Fig. 20 for two different chiral models, that mainly differ on the
renormalization scheme and some technicalities, such as whether the angle-average is used for the
calculation of the meson-baryon loop function. In the left panel of Fig. 20, the antikaon spectral
function as a function of energy and momentum at nuclear saturation density is shown, where not only
the S-wave K¯N interaction is considered, but also P - and D-waves [146]. In this figure, two possible
different self-energies for the nucleons in matter are also included (red solid and dashed blue lines). On
the right panel of Fig. 20, the K¯ spectral function is explored including S- and P -wave contributions
for different temperatures (different lines) for two densities (ρ0 in the upper panels and 2ρ0 in the lower
panels) and two momenta (left and right) within the chiral scheme of [147]. The K¯ in matter feels
a slight attraction (by shifting the peak of the spectral function to lower energies), while acquiring a
remarkable width, that close to K¯N threshold is dominated by the presence of the S-wave Λ(1405).
With these figures we also see the importance of considering higher partial waves as well as analysing
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the effect of finite temperature corrections for the realistic determination of the properties of K¯ in dense
matter [146, 147, 152–154]. In particular, the knowledge of higher-partial waves beyond S-wave as well
as finite temperature corrections become essential for analyzing the results of HiCs at beam energies
below 2 AGeV [3, 155, 156].
As discussed in the previous Sec. 2.3.2 and the next Sec. 2.3.5, the in-medium modification of kaon
and antikaon properties have been explored experimentally close to threshold in HICs (see [3] for a recent
review). The various channels for antikaon production are shown in the middle column of Table 3. As
compared to kaons, strangeness exchange reactions are also taking place, whereas strangeness absorption
mechanisms are not possible for antikaons. With the help of microscopic transport models [2, 3],
the creation and transport of kaons/antikaons have been studied. The first transport calculations
for antikaon observables in nuclear matter were performed neglecting the finite width of the antikaon
spectral function [133, 157], as explained in Sec. 2.3.1 when discussing transport models (see Eq. (7)
and following discussion). Some years later, antikaon production were studied using off-shell dynamics
with in-medium spectral functions in the HSD transport model, where the K¯ self-energy enters in both
the drift term and the collision term of Eq. (7) [155]. In this case, the Ju¨lich meson-exchange model
[149, 150] was employed as the effective K¯N interaction in matter.
The analysis of experimental data in conjunction with microscopic transport models have revealed
a complicated interaction scenario for antikaons, as it will be discussed in Sec. 2.3.5. Whereas a kaon
behaves almost as a good quasiparticle with a narrow spectral function, for antikaons the situation is
much more unclear due to several reasons. First, antikaons have a broad spectral function due to the
strong interaction with the medium. Second, the Tρ approximation for the antikaon optical potential
is not valid due to the presence of the Λ(1405) resonance. Third, the piY → K¯N strangeness exchange
reaction is the dominant channel for antikaon production in HICs, as hyperons are more abundantly
produced together with kaons, and this reaction is substantially modified in the hot dense medium.
Thus, in spite of all the effort, the analysis of all experimental antikaon observables has not allowed so
far for a consensus on the antikaon cross sections and optical potential (cf. the recent review [3]).
2.3.4 Kaonic atoms
Kaonic atoms are atoms in which an electron is replaced by a negatively charged antikaon. By using
X-ray spectroscopy techniques, energy shifts and widths of kaonic atoms levels have been measured for
the whole periodic table (see, for example, the compilation of kaonic atoms in Ref. [160]).
Kaonic atoms give us complementary information on the interaction of antikaons with nucleons,
as the antikaon-nucleus potential can be extracted from best-fit analysis of kaonic-atom data. Some
solutions, which use phenomenological potentials (that included an additional non-linear density de-
pendent term) or hybrid models (that combined a RMF in the nuclear interior and a phenomenological
density dependent potential at the surface that was fitted to K− atomic data) are in agreement with
very strongly attractive well depths of the order of -150 to -200 MeV at normal saturation density (see
[1] for a review).
However, studies of kaonic atoms using the chiral K¯N amplitudes [145] have shown that it is
indeed possible to find a reasonable reproduction of the data with a relatively shallow antikaon-nucleus
potential [158], albeit adding an additional moderate phenomenological piece [159]. This is seen in the
left plot of Fig. 21, where the shifts and widths of kaonic atoms are shown in comparison with the
chiral amplitudes. Also, in the right table of Fig. 21 of [159], the experimental results for shifts and
widths of the lower lever states of kaonic atoms up to 63Cu 4f are shown and compared to calculations
obtained with shallow and deep phenomenological potentials, obtained from best fits to the data. The
former ones are labelled with ”1”, when only chiral amplitudes are used, and with ”1m” when also
taking into account a phenomenological contribution. The phenomenological models are indicated with
”2” and ”2DD”. The reasonable fit to data of the chiral amplitudes has been indeed corroborated by a
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Figure 21: Left plot: Energy shifts and widths as function of the nucleus atomic number for 2p, 3d,
and 4f for kaonic atom states. Figure taken from [158]. Right table: Energy shifts (upper table) and
widths (lower table) of different kaonic atom levels up to 63Cu 4f . The (1), (1m), (2) and (2DD) optical
potentials are shown together with the experimental data. Table adapted from [159].
calculation [161], where a good fit to both scattering K−p data and kaonic-atom data has only required
to modify slightly the parameters of the chiral meson-baryon interaction model of Ref. [57].
More recently, the Jerusalem-Prague Collaboration has reanalyzed kaonic atoms by using the K−
optical potentials derived from state-of-the-art chirally–motivated meson-baryon coupled-channel mod-
els, which were supplemented by a phenomenological term representing K− multi-nucleon interactions
[162, 163]. Fig. 22 shows the calculated fractions of single-nucleon absorption for lower states (solid
circles) and upper states (open squares) of kaonic atoms, when using the chiral-model amplitudes from
the Prague (P) and Kyoto-Munich (KM) groups, supplemented by the phenomenological term [162].
These fractions are compared to the best estimates of single-nucleon absorption fractions (0.75± 0.05),
deduced from Bubble-Chamber studies, as indicated by the two dashed horizontal lines. The agree-
ment of the calculations with the estimated single-nucleon absorption fractions is very good for both
models, both producing very similar in-medium K−N amplitudes down to about 40 MeV below thresh-
old, which is the region of energies relevant for kaonic atoms. In fact, by comparing two KM versions
(differing in the phenomenological term) with a purely phenomenological model, as seen in Fig. 23,
the Jerusalem-Prague Collaboration found out that the real and imaginary parts of the K− optical
potential are constrained by kaonic data only for densities up to ∼ 25 % (50%) of saturation density.
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Figure 22: (Color online) Fractions of single-nucleon absorption for amplitudes Prague (P) and Kyoto-
Munich (KM): solid circles are for lower states, open squares for upper states. Horizontal dashed lines
indicate the experimental values of the single-nucleon absorption fraction. Figure taken from [162].
Therefore, the lesson learned from all these works is that kaonic atom data do not really provide
a suitable constraint on the antikaon-nucleus potential at densities close to normal nuclear matter
density. The strength of the K− potential might be then found from comparison of available K−-
nucleus scattering data for 12C, 40Ca and 208Pb to the theoretical predictions [164], from in-flight (K−N)
reaction [165], from the analysis of the K− multi-nucleon processes in lighter (few-body) nuclear systems
[163] or from pion-, proton- or nucleus-nucleus reactions.
2.3.5 Experimental measurements of antikaons in matter
In order to investigate the antikaons properties within nuclear matter, we normally study K− instead
of K¯0, since the detection of the dominant weak decay into three pions, that characterizes the neutral
antikaon, is experimentally very challenging.
A treatment of antikaons must consider the following processes: i) the antikaon-nucleus interaction
is linked to the properties of the Λ(1405) resonance and φ meson; ii) strangeness exchange processes as
piΛ → K¯N link the K¯ production to the K production; iii) the reverse absorption process K¯N → piΛ
also occurs; and iv) a sizeable attractive real part of the K¯-nucleus interaction is expected and, if
demonstrated, this would have consequences for the equation of state of dense nuclear matter and also
neutrons stars.
Experimentally, one can not disentangle all these processes by looking directly at HICs and, so far,
there are very scarce quantitative measurements on the properties of antikaons.
Recent measurements, however, have allowed to quantify the absorption cross sections of K− off two-
, three- and several-nucleons in a quantitative way. The AMADEUS collaboration has published several
works on the measurement of low energy K− absorption in exclusive channels, as K−n→ Λpi− [166], or
in semi-inclusive analyses, where either the Λp or the Σ0p final states are selected [94, 101]. In the last
two works, the multi-nucleons absorption of K− have been quantified for the first time. Although the
results are model dependent, the almost complete phase-space coverage of the measurements allowed to
get the quantitative conclusion that multi-nucleons absorption processes are dominant in comparison
to two-nucleon absorption.
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Figure 23: (Color online) Real part (left panel) and imaginary part (right panel) of best-fit K− optical
potentials for Ni-kaonic atoms. Solid curves and long-dashed curves represent the KM single-nucleon
amplitudes plus a phenomenological term B(ρ/ρ0)
α (with α = 1 or 2), whereas dashed curves are for a
purely phenomenological density-dependent best-fit potential. All three potentials lead to equally good
fits to the 65 data points in kaonic atoms. Figures taken from [162].
Further information on the K− absorption has been obtained by studying K− production in pi-
induced reactions off light (C) and heavy (W) targets. Thanks to the small mean free path of pions
within nuclear matter (≈ 2 fm), in pi-induced reactions K− are produced mainly on the nuclear surface
and can, hence, travel the whole nucleus, if emitted in the forward direction. In the analysis published
by the HADES collaboration in pi− + C and pi− + W reactions at a beam momentum of 1.75 GeV/c
[17], the fact that the measurement is conducted at an energy well below threshold allows to study
the absorption of K− in great detail, since the spectra are dominated by primary processes. In this
analysis, the difference in the K− absorption in pi− + C and pi− + W reactions has been quantified
by taking the K+ as a reference. Indeed, kaons can be re-scattered but can not be absorbed and, by
comparing the K−/K+ ratio measured in the two colliding system, a model independent measurement
of the K− absorption off heavy nuclei with respect to the light nuclei can be extracted. The left panel
of Fig. 24 shows the double ratio as a function of pT and y. A value around 0.4 is measured while
the reference, obtained considering only the different production channels, is 0.96. It is clear that if
absorption processes are so important, they will tend to shadow the possible modification of the K−
within nuclear matter due to the attractive interaction.
If we consider HICs, the inclusive momentum spectra of K− has been measured in several reactions
(e.g.: Ni+Ni collisions measured by FOPI [167]), and since all these measurements are below the NN
threshold for K− production, secondaries processes enter the description of the yields and spectra. The
measurement of the flow coefficients v1 and v2 has been carried out as for the K
+ (see Sec. 2.3.2) to
study the sensitivity of this observable to the in-medium potential of K−, but the measurement can
not discriminate among different models.
The most recent measurement of kaon and antikaon flow presented in the right panel of Fig. 24 shows
that transport models can not deliver a solid interpretation of the data due to the limited statistics and
also to the not expected trend of the measured flow coefficients. So far, the absorption of K− is not
currently accounted for in transport models, and this is a fundamental ingredient necessary for future
studies.
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Figure 24: (Color online) Left panel: Double ratio (K−/K+)W/(K−/K+)C measured in pion-induced
reactions off two different targets as a function of pT and y [17]. Right panel: v1 and v2 flow parameters
for protons, K+ and K− as a function of y measured in Ni + Ni reactions at 1.9 AGeV by the FOPI
collaboration. The experimental values are compared to theoretical predictions obtained with the HSD
and IQMD models [144].
3 φ Meson in Nuclear Matter
3.1 Experimental detection of φ in nuclear matter
The investigation of the properties of vector mesons, such as ρ, ω and φ, via direct dilepton decays is one
of the most suited way to investigate the spectral shape of these particles, since leptons do not interact
strongly with the medium in which they are produced and, hence, carry a direct information about the
properties of the vector meson at the decay time. The downside of dilepton decays is, however, the very
small branching ratios of vector mesons in these direct channels (BR∼ 10−5).
Additionally, if we compare the φ meson life time of 46 fm with the average fireball lifetime of 10−20
fm for HICs at different relativistic (GeV) and ultra-relativistic energies (100 GeV - TeV), most of the
decays will occur outside the fireball, where the vacuum properties of the φ characterize the spectral
shape of the latter. The only experimental claim of the observation of a modification of the φ spectral
shape was published in [168]. There, the e+e− invariant mass, measured in p+C and p+Cu reactions
at 12 GeV by the KEK-PS E325 collaboration, was used to reconstruct the φ spectral shape. The left
panel of Fig. 25 shows the e+e− invariant mass measured for reactions off the two targets with different
selections on the velocity of the φ candidate. The shoulder on the left side of the nominal φ mass,
visible in the second upper panel from the left, is interpreted in this analysis as the evidence of the
φ in-medium modification. The slight shift in the invariant mass distribution is interpreted as a mass
shift of 3.4% and a width increase by a factor of 3.6 at density ρ0 for φ momenta around 1 GeV/c.
These results are statistically limited and also model dependent, but so far unique.
Also, the HADES collaboration tried to measured the φ spectral function using the dilepton decay
channel in Ar+KCl reactions at 1.76 AGeV, but the collected statistics was not sufficient to allow for
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such an analysis. On the other hand, the φ/ω ratio in the dilepton channel could be determined and
was found to be much larger than the Okubo-Zweig-Iizuka (OZI) rule would allow for. The right panel
of Fig. 25 shows the φ/ω ratio measured with the HADES spectrometer in comparison with the ratios
measured in piN and NN reactions as a function of the excess energy  = Ec.m. − Ethr together with
the prediction by the THERMUS code, computed for the colliding system Ar+KCl at 1.76 AGeV.
One can see that the measured ratio by HADES agrees with the THERMUS prediction, where the
OZI suppression is not accounted for, while it overshoots the systematic measurements in elementary
reactions. This observation indicates a violation of the OZI rule and supports a non negligible in-medium
effect for the φ properties.
Figure 25: (Color online) Left panel: Dilepton invariant mass measured in p+C and p+Cu reactions
at 12 GeV for different dielectron-pair velocities [168]. Right panel: φ/ω ratio measured in different
colliding systems as a function of the φ excess energy [169].
A complementary technique with respect to the dilepton decays was pursued by the Spring8-LEPS,
CLAS and COSY-ANKE collaborations. There, γ and proton-induced reactions off different targets
were used to evaluate to the φ production and absorption. The Spring8-LEPS collaboration measured
the φ → K+K− decay and extracted the production cross section for photon beams with energies
Eγ = 1.5 − 2.4 GeV, impinging on the following nuclear targets: Li, C, Al and Cu [13]. The decay
channel into two charged kaons offers the advantage of a much larger (≈ 50%) branching ratio with
respect to dileptons. If the γ+A cross section is measured as a function of Aα, the scaling parameter
α is found to be equal to α = 0.72 ± 0.07. The analysis relies on a Glauber Monte-Carlo model to
subtract the coherent part of the production.
This modelling of the cross section is used to extract the φN cross section in nuclear matter. The
cross section is found to be equal to σφN = 35
+17
−11mb, which is much larger than the free space estimate of
the cross section in φ photo-production experiments off proton targets, that is equal to σfreeφN = 7.7−8.7
mb. This enhanced cross section can be also interpreted as an increased in-medium width of about 110
MeV.
The in-medium φN interaction was also analysed by the CLAS collaboration from transparency
ratio measurements at JLab [14]. In this experiment, the φ mesons were photo-produced (with beam
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energies up to 4 GeV) on 2H, C, Ti, Fe and Pb targets, and detected via their e+e− decay mode. The
transparency ratio TA ≡ Pout is given by
TA ≡ Pout = σA
AσN
, (10)
that is, the ratio of the nuclear φ production cross section divided by the mass number A times the
cross section into a free nucleon. This can be interpreted as the probability of a φ meson getting out of
the nucleus, and it is related to the absorptive part of the φ-nucleus potential and, thus, to the φ width
in the nuclear medium.
From an analysis of the transparency ratios normalized to Carbon within a Glauber model, values
of σφN in the range of 16 - 70 mb were extracted for an average φ momentum of ≈ 2 GeV/c. Also, in
this case, the extracted σφN is much larger than the free one.
The φ production was also analyzed in proton-induced reactions off different nuclear targets by the
ANKE collaboration. The p + A collisions at Ebeam= 2.83 GeV, with A = C,Cu,Ag, and Au, were
measured at the COSY accelerator by the ANKE detector, and the final state φ→ K+K− was studied
[15]. The discussion of these results is presented in the next Sec. 3.2.
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Figure 26: (Color online) Left panel: φ/K− ratio measured in HICs as a function of the center-of-mass
energy [170]. Right panel: φ transparency ratio normalized to Carbon, measured for different targets
and different colliding systems.
The absorption of K¯ in nuclear matter via one- or multi-nucleons processes was discussed in Sec.
2.3.5, and many experiments demonstrated that these processes do play an important role in the
understanding of the in-medium properties of antikaons. Since the branching ratio of the decay φ →
K+K− is rather large (∼ 50%), the measurement of the φ/K− ratio was first used in HICs and then in
pion-nucleus collisions to quantify the feed-down from the φ into the K− inclusive production.
The left panel of Fig. 26 shows the measured φ/K− ratio in different HICs as a function of the
center-of-mass energy. One can see that a rather small ratio around 0.2 is measured for
√
sNN > 4
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GeV. This can be explained considering the larger abundance of u and d quarks w.r.t s quarks in the
pre-hadronisation phase formed in HICs by statistical hadronization models [171].
For smaller energies, the φ/K− ratio increases and the squared symbols in the left panel of Fig. 26
represent the measurements for Au+Au collisions. This enhancement of the ratio was interpreted by
the HADES [172] and FOPI collaborations as the evidence of a strong feed-down from the φ production
to the K− production, down-scaling the importance of processes driven by strangeness-exchange, such
as Λ + pi → K− + N for the K− production [173, 174]. This interpretation was also supported by the
fact that, by looking at the pT distributions obtained for K
+, K− and φ in Au + Au collisions at 1.23
AGeV measured by HADES and interpreting the slope of the spectra as kinematic temperatures, the
K− slope resembles a mixture of K+ and φ slopes, with weights consistent with the φ/K− ratio [170].
On the other hand, pi-nucleus reactions at beam energies of 1.65 GeV showed that the same φ/K−
ratio is obtained when comparing pi− + C and pi− + W reactions [17]. Since a strong difference in the
absorption ofK− is observed in the two targets, the constant φ/K− ratio speaks for a strong φ absorption
as well. This observation does not match completely the interpretation of the ratio in HICs mentioned
before. Indeed, it demonstrates that the in-medium properties of φ and K− are connected and the
feed-down process together with possible in-medium modifications of the yields are both contributing.
The right panel of Fig. 26 shows the φ transparency ratio for heavy targets (W , Pb and Au)
normalized to Carbon for p-, γ- and pi-induced reactions as a function of the excess energy. One can
see that the ratio measured in pi-induced is lower than for p-induced reactions, because in the latter
secondary production mechanisms within the nucleus shorten the path length of the φ within it. The
discrepancy is, however, very small, and the scaling of the transparency ratio with the excess energy is
expected from simple phase space considerations.
In general, although the theoretical interpretation of the transparency ratios measured for φ in differ-
ent targets and using different beams is model dependent (as we will discuss in Sec. 3.2), we can conclude
that the transparency ratio is the most favored experimental scenario, since all the measurements are
consistent with a strong absorption of the φ meson already at saturation density.
3.2 Theory of φ in nuclear matter
The interest in the modification of the φ properties in dense matter started with the earlier predictions on
the shift of the φ mass due to the famous Brown-Rho scaling [175]. Later on, the φ in matter was studied
by means of QCD sum rules [176–178]. In these calculations, a correlator function matched to the φ
spectral function is treated in the framework of the operator product expansion, which incorporates the
short (perturbative contribution) and long-distance quark-gluon interactions (non-perturbative terms,
such as quark condensates). In this way, the modifications of the spectral function in dense nuclear
matter would be correlated to the modification of the quark condensates in medium and, hence, to the
restoration of chiral symmetry and to the origin of the hadron masses. However, a clean interpretation
of the chiral restoration is shadowed by the possible hadron-hadron scattering processes in matter that
are reflected in the spectral function.
Several theoretical approaches have analyzed the in-medium φ properties in terms of hadronic pro-
cesses. They range from effective chiral models in matter [179] or at finite temperature [180] to NJL
models in hot matter [181]. In some of these analyses, it has been concluded that the self-energy of the
φ coming from the KK¯ decay is of fundamental importance for understanding its mass shift. Indeed,
the φ, having a hidden strangeness content, strongly couples to the K¯K and, hence, its in-medium
dynamics is governed by its decay into the light pseudoscalars, whereas its coupling to the nucleon is
forbidden by the OZI rule.
However, soon after, it was realised that the medium effects are more important for the width of the
φ meson, coming from the dressing of the K¯K decay channel. In Ref. [182], within the vector meson
dominance model and taking into account the density-dependent kaon effective mass given by linear
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χPT , a slight change of mass was found while a drastic change in the width was observed for large
densities. Later on, the full spectral features of the K and K¯ were incorporated confirming the important
broadening of the φ in dense medium [183–185]. These works treat the K meson as a quasiparticle with
a mass corrected by the Tρ approximation. As for the K¯, the self-energy incorporates the S- and
P -wave contributions, although differences arise in the determination of the K¯ self-energy due to the
treatment of the P -wave contribution, recoil corrections, and others. The estimate of Ref. [184] is in a
band between 20-30 MeV for the φ width at normal nuclear matter density, smaller than the value of
45 MeV of Ref. [183]. In Ref. [185] some technical novelties were introduced with respect to Ref. [184],
such as introducing additional mechanisms required by gauge invariance as well as performing a finer
study of the relativistic recoil corrections considered in the P -wave K¯ self-energy. A small mass shift
of around 8 MeV and a width of about 30 MeV at normal nuclear density were reported, close to the
one in Ref. [184].
In view of the modification of the properties of the φ in matter, several ways of testing them were
presented. Reactions such as pi−A → φX [183] and γA → φX [186] were proposed, where small φ
momenta should be accessible with the help of Fermi motion and the rapidity distribution of the φ
could be connected to rescattering processes. However, in Ref. [187] it was argued that γ−induced
reactions would present the following problems: the small photon-nucleus cross section because of low
momenta; the small kaon mean free path that only probes small nuclear densities and distorts the
K+K− invariant mass spectrum due to quasielastic K+N and K−N scatterings; and the presence of
the nuclear Coulomb potential that does not allow to gather information on the in-medium φ properties.
Similar arguments hold also true for proton-induced reactions.
It was then determined that a more convenient scenario would be to study the imaginary part of
the φ self-energy in nuclei by analysing the transparency ratio. Predictions of φ photoproduction had
been put forward in Ref. [188], and it had been found that the φ survival rate is drastically reduced for
increasing values of A. This is due to a modified φ width at normal nuclear saturation density up to six
times larger than the vacuum width.
This theoretical calculation of the transparency ratio [188] was carried out to match the forthcoming
set up of the LEPS at Spring8 experiment [13]. However, a posterior analysis in Ref. [189] within the
semi-classical BUU transport approach showed that the experimental transparency ratio can not be
fully explained just by the attenuation of the φ in nuclei due to the KK¯ channel. A value of φN ≈ 27
mb is needed to reproduce the experimental nuclear transparency ratio as well as the A−dependence of
the total φ meson yield. This value, however, is considerably higher than the expected φN cross section
in vacuum according to the OZI rule.
Apart from φ photoproduction, the A dependence of the cross section of φ mesons in nuclei at
energies just above threshold in proton-nucleus collisions was also analyzed in Ref. [190], in view of
the experimental performance at facilities such as the forthcoming COSY-ANKE [15]. A strong A
dependence was found, being linked to the distortion of the incident proton and to the absorption
of the φ as it leaves the nucleus. This latter process reduces the cross section by a factor two in
heavy nuclei, thus showing that the A dependence of the cross section can be a good probe to extract
information on the φ width in matter.
In view of the more recent experiments on proton-induced experiment by COSY-ANKE [15] and
photoproduction by CLAS [14] and given that the previous works could not explain the Spring8-LEPS
experimental data [13], there has been a recent revision of the theoretical models. For example, QCD
sum rules schemes [192] and the QMC model [193] have been revisited in order to perform an improved
analysis of the φ-KK¯ channel. However, it has been argued that the interaction of φ with nucleons
could account for the missing broadening. Indeed, the fact that the hidden strangeness in the φ meson
can be exchanged with the nucleon by the coupling to K∗Λ and K∗Σ without violation of the OZI rule
has opened a new possibility of accounting for the missing attenuation of the φ meson in matter [194].
In Ref. [194] two different coupled-channel approaches for the φN interactions have been considered:
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Figure 27: (Color online) φ transparency ratio compared to Spring8-LEPS photoproduction data
normalized to the 7Li target [13] (upper left panel), CLAS photoproduction data normalized to the 2H
target [14] (upper right panel) and results from COSY-ANKE proton induced reactions normalized to
12C target [16] (lower panel). Three theoretical scenarios are considered: only the K¯K cloud (KC), the
KC and the resonant φN scattering from the SU(6) model (KC+SU(6)), and the KC and the resonant
φN scattering from the hidden-gauge scheme (KC+HLS). These plots are taken from Ref. [191].
one based on the hidden local symmetry approach (HLS), and a second one where the interaction of
vector mesons with baryons has been calculated using a SU(6) spin-flavor symmetry extension of the
SU(3) meson-baryon chiral Lagrangian, in the form of a generalized S-wave WT interaction.
The presence of several broad dynamically generated N∗ states in the vicinity of the φN threshold,
with a non-negligible coupling to it, leads to a sizable contribution to the φ self-energy, specially for the
second approach based on the SU(6) extended WT interaction. Together with the contribution of the
K¯K channel, the in-medium φ decay width increases up to ∼ 70 MeV at saturation density, growing
with momentum up to 100 MeV for 400-500 MeV/c, and decreasing slowly for higher momenta. An
attractive mass shift of up to ∼ 35 MeV has been also obtained. As a consequence, the φ spectral
function exhibits an important broadening with a shift of the quasiparticle peak to lower energies
than the bare mass, whereas developing a second mode above the bare φ mass coming from the N∗
resonant-hole excitations.
The effect of the width of the φ meson in the φ transparency ratio due to the direct resonant
φN scattering together with the kaon decay mechanisms has been explored in the follow-up paper
of Ref. [191], confronting the results with the CLAS and Spring8-LEPS data on photoproduction, and
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COSY-ANKE results on proton induced reactions in nuclei. The φ transparency ratio for Spring8-LEPS
(normalized to 7Li target), for CLAS (normalized to 2H target) and for COSY-ANKE (normalized to
12C target) are shown in Fig. 27, where the Spring8-LEPS, CLAS and COSY-ANKE data are compared
to three theoretical scenarios: including only the K¯K cloud (KC), taking into account the KC and the
resonant φN scattering from the SU(6) model (KC+SU(6)), and considering the KC and the resonant
φN scattering from the hidden-gauge scheme (KC+HLS). The authors have used a φ meson average
momentum of 1.8 GeV/c to confront their theoretical results with the Spring8-LEPS experimental data
(the photon beams at Spring8-LEPS have momenta from 1.5 to 2.4 GeV/c), whereas a similar average
momentum of 2 GeV/c is used by the theoretical work to analyze CLAS data. A good agreement
with the experimental photoproduction data of CLAS is found, as seen in the upper right panel of
Fig. 27. However, an even stronger φ absorption will be required in order to reproduce the Spring8-
LEPS photoproduction data, as seen in upper left panel of Fig. 27. The proton induced transparency
ratio from COSY-ANKE has been well reproduced (lower panel of Fig. 27). However, in this case,
only small changes in the transparency ratio are obtained even if the authors substantially change the
φ self-energy, thus, hinting that the transparency in proton induced reactions is dominated by other
effects, such as shadowing.
The ANKE collaboration has moreover provided the missing information on the momentum depen-
dence of the φ absorption below 1.5 GeV/c. For these data, it was possible to study the momentum
dependence of the transparency ratio for φ momenta between 0.5 and 1.7 GeV/c, and the results are
shown in Fig. 28. There, the transparency ratio with respect to the Carbon target is shown for the
Cu, Ag and Au targets as a function of the φ momentum in comparison with predictions obtained
from three different models. In the left panels, curve denotes with 1 results from using the predictions
of [188] for the imaginary part of the φ self-energy in nuclear matter. The other curves correspond
to calculations with this self-energy multiplied by factors of 0.5, 2 and 4. In the middle panels, the
calculations are performed with different values of a momentum-independent φ width in its rest frame
at density ρ0, and the values are noted next to the curves (in MeV). And, in the right panels, the
computations are produced using the indicated absorption cross section σφN (in mb). One can see that
two models fail to reproduce the momentum dependence of the transparency ratio, while one model
(right panels) manages to match the data.
All these results support the idea that the direct φN processes are relevant together with the coupling
to K¯K cloud for the description of the φ meson width in matter. Nevertheless, there are still substantial
uncertainties in the description of the φN interaction, as seen in the panels of Figs. 27 and 28. Thus,
apart from the need of a better description from the theoretical side, also other experimental scenarios
to test φ in matter are welcome, such as the possible formation of φ-mesic nuclei, as pointed out in
Refs. [193, 195].
4 Hyperon-Nucleon and Hyperon-Hyperon Interactions
4.1 Experimental searches
The hyperon-nucleon (Y N) interaction can be tested experimentally via scattering experiments employ-
ing secondary hyperon beams [196–198], impinging on hydrogen targets, or by means of the measurement
of the correlation in the momentum space for hyperon-proton (Y p) pairs produced at colliders exploiting
the femtoscopy technique [19, 38, 39, 199].
Scattering experiments were performed at the CERN PS, using the Saclay hydrogen bubble chamber
exposed to a secondary K− beam. The stopped K− particle and the resulting charged products can be
identified looking at the recorded photographs of the bubble chamber reactions. Typically, hyperons
are produced in the following reactions: i) K− + p → Λ + pi0, ii) K− + p → Σ0(→ Λ + γ) + pi0, iii)
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Figure 28: (Color online) φ transparency ratio with respect to the Carbon target for the Cu, Ag and
Au targets, shown as a function of the φ momentum in comparison with predictions obtained from
three different models [15]. See text for details.
K− + p → Σ± + pi∓. The following scattering of hyperons off protons and their weak decays are then
searched and tagged.
The left panel of Fig. 29 shows an example of the emulsion photograph for the reaction K− + p→
Λ + n at the vertex A, followed by a Λ + p → Λ + p scattering in B and the decay Λ → pi− + p in C
[198]. This is obtained by retaining the imprint of charged tracks in the liquid hydrogen target on an
emulsion plate.
This method allows to measure the differential elastic cross section as a function of the hyperon
momentum in the laboratory reference system. One example of the obtained differential cross sections
for the Λp case is shown in the right panel of Fig. 29 as a function of the laboratory momentum of
the scattered hyperon. One can see that the statistics of the data is rather limited. Such cross section
measurements could be carried out for the Λ/Σ±+p elastic scattering channels and constitute so far the
most stringent constraints for the available theoretical models. Indeed, the J-PARC E40 experiment
is going to asses Σ±p elastic scattering by means of the p(pi±, K+)Σ± reaction, followed by an elastic
scattering of the charged hyperons with the protons in the extended LH2 target.
Alternatively to scattering experiments, as discussed for the K−p case in Sec. 2.1.1, the femtoscopy
technique can be exploited to investigate different Y p and hyperon-hyperon (Y Y ) channels, even those
that are not accessible via scattering experiments.
The sensitivity of the correlation function to the interaction for baryon-baryon pairs is demonstrated
by the pp correlation measured in different colliding systems by ALICE. The left panel of Fig. 30 shows
the measured correlation function in p + p collisions at 13 TeV [200]. The experimental correlation
function is compared to the prediction obtained by using the Coulomb and the AV18 strong potentials
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Figure 29: (Color online) Left panel: Photograph containing a Λp elastic scattering event and a line
drawing of the same event [198]. Right panel: Λp elastic scattering cross sections as a function of the
beam momentum [197].
to solve a non-relativistic Schro¨dinger equation and obtain the pp relative wave function, while leaving
the radius of the source as a free parameter. The obtained radius for the inclusive correlation function
is equal to 1.197+0.035−0.038 fm, demonstrating the small size of the source from which hadrons are emitted.
The right panel of Fig. 30 shows the correlation function of the pΞ− final state measured in pPb
collisions at
√
sNN= 5.02 TeV, together with the predictions obtained assuming only the Coulomb in-
teraction (green histogram) and considering the Coulomb and strong interactions predicted by the HAL
QCD group with a lattice-based approach [201]. One can see that the experimental correlation function
is significantly above the Coulomb-only prediction and this demonstrates, in a model-independent way,
the presence of an attractive strong pΞ− interaction. One can also see that the lattice predictions are
compatible with the measured correlation.
This is the first and also only possible way to measure the two body pΞ− interaction precisely, since
Ξ− beams are very difficult to handle. The pΛ correlation has also been measured and the current
available statistics will allow to improve by a factor ten the precision of the measurement with respect
to the above-mentioned scattering data.
Two further examples of rare pY and Y Y combinations, which interactions can be studied via
correlation functions, are the pΣ0 and the ΛΛ. The two panels of Fig. 31 show the measured pΣ0 [200]
and the ΛΛ [202] correlations together with different theoretical predictions.
The dominant (BR= 100%) Σ0 → Λ + γ decay can be reconstructed within the ALICE detector,
but the signal to background ratio is rather moderate. For this reason, a correlation function due to the
background must be computed as baseline. The gray histogram indicated in the left panel of Fig. 31
shows the resulting background contribution to the correlation function. The fact that the total pΣ0
correlation lays above this histogram implies a shallow, probably attractive, interaction. It is clear that
the current statistics does not allow to discriminate among the different models, but new measurements
planned during the Run3 and Run4 data taking at the LHC should improve consistently the situation.
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Figure 30: (Color online) Left panel: pp correlation measured in pp collisions at
√
s = 13 TeV at
the LHC by the ALICE collaboration [200]. Right panel: pΞ− correlation function measured in pPb
collisions at
√
s = 5.02 TeV at the LHC by the ALICE collaboration [19].
The bare ΛΛ interaction is particularly interesting, because of the prediction of the H-dibaryon as
possible ΛΛ bound state [203]. Several experimental collaborations have been involved in the search for
this state in the decay channels H→ Λppi and H→ ΛΛ, in nuclear and elementary (e−e+) collisions,
but no evidence has been found [204–206].
The investigation of the ΛΛ interaction by means of the femtoscopy method was initiated by the
STAR collaboration employing Au+Au collisions at
√
sNN = 200 GeV [207], and the scattering param-
eters extracted in this analysis were consistent with a repulsive ΛΛ interaction. A reanalysis of the data
[208] showed that the background was not correctly accounted for in [207]. After a proper correction,
new scattering parameters consistent with a shallow attractive interactions were found.
A similar analysis was repeated in pp collisions at 7, 13 TeV and pPb collisions at 5 TeV measured by
ALICE, and the ΛΛ correlation was analysed. The right panel of Fig. 31 shows the extracted correlation
as a function of the relative momentum k∗ in the pair reference frame, together with the predictions
obtained by taking the scattering parameters suggested by different theoretical models, while using the
Lednicky-Lyuboshits parametrisation of the correlation function [209].
One can see that the ΛΛ correlation is rather shallow, close to the baseline (dashed histogram in
Fig. 31). Instead of fitting the scattering parameters to the measured correlation function, a scan of
the whole phase-space for the scattering length and the effective range was carried out. The prediction
is compared to the experimental correlation and a nσ value characterises the agreement. Figure 32
shows the obtained exclusion plot, where the scattering parameters predicted by different models are
indicated. In particular, we notice the point representing the Nagara ΛΛ-hypernucleus and the new
lattice prediction. The white region on the exclusion plot represents the allowed parameter space. One
can see that mostly a shallow attractive interaction is favoured (large values of 1/f0), but a non-excluded
region of small negative scattering lengths and small effective ranges is present.
A possible bound state is investigated by computing the binding energy for negative f0 values using
the effective-range expansion relation [210, 211]
BΛΛ =
1
mΛd20
(
1−
√
1 + 2d0f
−1
0
)2
. (11)
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Figure 31: (Color online) Left panel: pΣ0 correlation function measured in pp collisions at
√
s = 13 TeV
at the LHC by the ALICE collaboration [200]. Right panel: ΛΛ correlation measured in pp collisions
at
√
s = 13 TeV at the LHC by the ALICE collaboration [202].
Following this prescription, the most probable value of BΛΛ = 3.2−2.4+1.6(stat)−1.0+1.8(syst) MeV
was obtained for the binding energy of the possible ΛΛ bound state [202]. This measurement should be
considered as an upper limit, since further statistics could completely exclude the region of scattering
parameters allowing for a bound state. To this end, this direct measurement of the ΛΛ interaction is
the most precise available.
4.2 Theoretical approaches for hyperon interactions
There has been a continuous theoretical effort in describing the Y N and Y Y interactions, from meson-
exchange models, approaches based on χEFT, lattice QCD (LQCD) calculations, low-momentum in-
teractions or quark model potentials.
The interaction between two baryons in the meson-exchange models is mediated by the exchange of
scalar, pseudoscalar and vector mesons. The NN meson-exchange model is the starting point to build
up the Y N and Y Y interactions, by imposing SU(3)flavor symmetry. Presently, the most used models
are those built by the Ju¨lich and Nijmegen groups.
The Ju¨lich meson-exchange Y N potential [212, 213] is based on the NN Bonn one. It is given in
momentum space, containing full-energy dependence and non-localities. The potential is constructed
taking into account the exchange of single mesons and also higher-order processes, that includes pi and
ρ-exchange processes as well as processes involving K and K∗ with N , ∆, Λ, Σ and Σ(1385) intermediate
states. Whereas the coupling constants and cutoff masses at NN and N∆ vertices are taken from the
Bonn model, the couplings involving strange particles are fixed by relating them to the NN and N∆
values assuming SU(6) symmetry. The cuttoff masses at the strange vertices are adjusted to the existing
Y N data. The form factors at the vertices are of monopole form, or dipole type when the vertex involves
both a spin 3/2 baryon and a vector.
As for the Nijmegen meson-exchange Y N potentials [214–219], the starting point is the Nijmegen
NN potential. Those potentials are based in one-meson exchanges and the use of gaussian form factors
for the vertices. In particular, the Nijmegen Soft-Core 89 (NSC89) Y N model [214] is a straightforward
extension of the Nijmegen NN , relating all the coupling constants at the vertices with strange particles
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Figure 32: (Color online) Exclusion plot for the ΛΛ scattering parameters obtained comparing the
predictions for the correlation function using the Lednicky formalism to the measured ΛΛ correlations
in pp at 7 and 13 TeV and pPb collisions at the LHC [202].
to the NN ones using SU(3) symmetry. The Nijmegen Soft-Core 97 (NSC97a-f) [215, 216] and Extended
Soft-Core (ESC) [217–219] are extensions of the Nijmegen potentials for NN and the NSC89 Y N model.
The coupling constants are determined by using SU(3) relations and fitting to the available NN and
Y N scattering data. The different models appear due to the existing freedom in fitting the parameters.
The scattering amplitudes and, hence, scattering observables such as cross sections, can be then
obtained by solving a regularized Lippmann-Schwinger equation starting from the Y N and Y Y po-
tentials coming from meson-exchange models (Eq. 1). In Fig. 33 the results for the Λp → Λp and
Σ−p → Σ−p cross sections are shown using the Ju¨lich04 (dashed lines) potential as compared to the
available scattering data discussed in previous Sec. 4.1. In this plot, the results using χEFT are also
displayed.
Over the past years, approaches based on χEFT have been also developed so as to construct the
Y N and Y Y interactions. The χEFT is a systematic approach that implements the chiral symmetry of
the QCD at low energies, whereas providing a power counting to make consistent calculations order by
order and estimating the corrections. During the past years, the NN interaction has been described to
high precision, while, more recently, the Y N and Y Y interactions have been built from chiral effective
Lagrangians in a similar manner as done for the NN by the Ju¨lich-Bonn-Munich collaboration [222–224].
The Y N interaction has been obtained within the SU(3) χEFT, deriving the different orders in
the chiral expansion in a consistent way following the Weinberg power counting. At LO in the power
counting, the Y N potential is built from one pseudoscalar-meson exchanges and non-derivative four-
baryon contact terms [222]. The NLO takes into account two pseudoscalar-meson exchanges and contact
interactions with two derivatives [223].
The scattering observables can be obtained using the LO and NLO contributions to the Y N potential
as kernel. Apart from using the available standard set of 36 Y N data points for the fitting procedure,
the baryon-baryon-meson coupling constants have been fixed by SU(3) symmetry. This symmetry has
been also used to derive the relations between the various low-energy constants. However, the SU(3)
symmetry has been broken due to the use of the hadron physical masses. As displayed in the left and
middle panels of Fig. 33, the available ΛN and ΣN data are described up to NLO, with the so-called
NLO13 interaction of Ref. [223].
More recently, the NLO13 potential for the ΛN and ΣN systems has been revisited in [220], by
exploring a new option for the low-energy constants that determine the strength of the contact inter-
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Figure 33: (Color online) Left and middle panels: Total cross sections σ for the elastic Λp (left panel)
and Σ−p (middle panel) channels as a function of klab compared to data, for NLO13 (red band) and
NLO19 (cyan band) approaches. The results for the Ju¨lich04 meson-exchange model (dashed lines) are
also displayed. Adapted from [220]. Right panel: The Ξ−p elastic cross sections for LO (green band)
and NLO (red band) are shown. Adapted from [221].
actions, so giving rise to the NLO19 version. The NLO19 is constructed trying to reduce the number
of low-energy constants needed in the fit to the ΛN and ΣN data, by inferring some of them from the
NN sector using SU(3) symmetry. As a consequence, the contribution of the 3S1-
3D1 partial wave is
enhanced in the NLO19 with respect to the NLO13. The NLO13 of Ref. [223] and NLO19 of Ref. [220]
yield equivalent results for ΛN and ΣN scattering observables, as seen in the left and middle panels of
Fig. 33.
Regarding the ΞN interaction, the calculation within χEFT up to NLO [221] is in line with empirical
constraints on the ΛΛ S-wave scattering length as well as published upper bounds of the Ξ−p cross
sections (see right panel in Fig. 33).
Apart from meson-exchange models or χEFT schemes, the Y N and Y Y interactions can be con-
structed from solving QCD on the lattice. LQCD is a technique in which space-time is discretized into a
four-dimensional grid, and the path integral over the quark and gluon fields at each point in the grid is
obtained in Euclidean space-time using Monte-Carlo methods. In the past decade, there has been a lot
of progress in deriving baryon-baryon interactions from LQCD calculations. In the strangeness sector,
this work has been carried out by the HAL QCD [225, 226] and the NPLQCD [227] collaborations.
The starting point of the HAL QCD method is the Nambu-Bethe-Salpeter wave function within
the range of the hadron interaction to define a non-local potential, so that it obeys the Schro¨dinger
type equation in a finite box. With an appropriate extrapolation to infinite volume, one can calculate
the scattering phase shifts and bound states by solving the Schro¨dinger equation and compare to the
experimental results (see [225, 226] for more details).
The S = −1 ΛN and ΣN systems have been studied by the HAL QCD collaboration in Ref. [228,
230]. The ΣN(I = 3/2) results for the central and tensor potentials are shown in the left panels of
Fig. 34 for 1S0 channel (upper panel) and
3S1−3 D1 channel (bottom panel). In this work, the S = −2
ΛΛ, ΛΣ, ΣΣ and ΞN have been also analyzed, with more recent updates in Refs. [231, 232]. As we
showed in Sec. 4.1, the HAL QCD predictions for the ΛΛ and ΞN are in good agreement with the
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Figure 34: (Color online) Left panels: The central and tensor potentials for ΣN(I = 3/2) in the 1S0
(upper panel) and 3S1−3D1 (bottom panel) channels obtained with the HAL QCD method [228]. Right
panels: The LQCD-predicted 3S1 and
1S0 Σ
−n phase shift versus laboratory momentum at the physical
pion mass (blue bands) obtained with the Lu¨scher method [229], compared with the determinations of
NSC97f and Ju¨lich04 models, as well as the χEFT calculation.
recent correlation data. Moreover, the HAL QCD collaboration has reported results on the ΞΞ [233]
and, more recently, on the ΩN [234] and ΩΩ [210] systems.
The NPLQCD collaboration extracts information on hadron-hadron scattering amplitude following
the Lu¨scher method. In the case of the determination of the hadron-hadron scattering amplitude
below an inelastic threshold, the deviation of the energy eigenvalues of the two-hadron system in the
lattice volume from the sum of the single-hadron energies is linked to the scattering phase shift at
the measured two-hadron energies. For energy eigenvalues above kinematic thresholds where multiple
channels contribute, a coupled-channels analysis is required as a single phase shift does not parametrize
the scattering amplitude. Then, the energy shift for two particles can be determined from the correlation
functions for systems containing one and two hadrons, and connected to the scattering amplitude (see
[235] for more details).
The NPLQCD collaboration performed the first LQCD calculations of Λn and Σ−n interactions
at unphysical pion masses [236]. Low signal-to-noise ratios are intrinsic in the study of baryons with
LQCD. In Ref. [237] the authors performed a high-statistics LQCD calculation with the aim of reducing
the noise, and extract with much more precision the energy of the two-baryon systems in the strangeness
0, -1, -2 and -4. Later on, the Σ−n was revisited in Ref. [229] for pion masses of ∼ 390 MeV and at the
physical pion mass by means of a extrapolation using χEFT . The 3S1 and
1S0 Σ
−n phase shift versus
laboratory momentum at the physical pion mass (blue bands) are shown in the right panel of Fig. 34,
compared to the determinations of NSC97f and Ju¨lich04 models, as well as the χEFT calculation. And,
more recently, the low-energy S-wave scattering amplitudes of two octet baryons at the SU(3) flavor
symmetric point, corresponding to the physical strange quark mass, have been studied, with a focus on
the underlying symmetry structures that are expected to emerge in the large-Nc limit of QCD [238].
Also the NPLQCD has reported the possible formation of bound states, such as the 1S0 Ξ
−Ξ−
state [239] or the H-dibaryon. In fact, the H-dibaryon, with quantum numbers of the ΛΛ system, has
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caught the attention of the χEFT and LQCD communities. The NPLQCD Collaboration provided
evidence of a H-dibaryon bound state for mpi ∼ 390 MeV [239, 240], whereas the HAL QCD group
determined also a bound state for mpi ∼ 469 − 1171 MeV [241, 242]. Extrapolations to the physical
light-quark masses, however, pointed to a weakly bound H-dibaryon or a near-threshold state by the
NPLQCD Collaboration [240, 243–245]. In a later analysis by the NPLQCD Collaboration, the H-
dibaryon was found to be deeply bound in the limit of SU(3) flavor symmetric point at the physical
strange quark mass [246], whereas the HAL QCD has reported very recently that at the almost physical
point (mpi = 146MeV and mK = 525MeV) no bound or resonant di-hyperon around the ΛΛ threshold
can be produced [247]. Thus, the existence of the H-dibaryon is still controversial from the point of
view of LQCD.
And last but not least, there are other alternative ways of constructing the Y N and Y Y interactions,
such as those considering low-momentum interactions or quark model potentials. The aim of the former
one is to obtain a universal effective low-momentum potential for Y N and Y Y using renormalization-
group methods [248], while the latter builds the Y N and Y Y interactions by means of constituent quark
models [249]. We refer the reader to the corresponding references for a more detailed description of
these methods.
4.3 Hypernuclei
4.3.1 Experimental detection
Hypernuclei [20–22] are formed when a nucleon is replaced by a hyperon inside the nucleus and can
occupy any of the bound or unbound nuclear levels, being the hyperon distinguishable from all the
nucleons. From there, the hyperon may escape the nuclear potential, cascade downward in energy, or
become trapped in an isomeric level. A bound Λ eventually reaches the ground state and then decays
weakly. The hypernucleus can then be described as the combination of a core nucleus together with a
single hyperon, and the quantum number of the hypernucleus can be obtained combining the quantum
numbers of the core-nucleus and hyperon. The measurement of the binding energy of hypernuclei
quantifies the attractive interaction and, if the hyperon properties inside the nucleus would differ from
the vacuum properties, some information about the behaviour of hyperons as a function of the baryonic
density could be pinned down.
The acquisition of hypernuclear binding energies, well-depths, and positions of the hypernuclear
levels began in the 1960s [250, 251], using K− beams, and exploiting the strangeness-exchange reaction:
K−+A →AΛ Z +pi−. This process can occur for kaon stopped or in-flight. The probability of forming an
hypernucleus is the largest for a kaon momentum of about 500 MeV/c, since in that case the hyperon
is produced at rest within the nucleus and, hence, has an high probability to form a hypernucleus.
The left panel of Fig. 35 shows the momentum transferred to the Λ hyperons in different formation
processes. Experiments with stopped K− beams have been carried out at DAφNE [22], while in-flight
K− have been employed at CERN [252, 253], BNL [254, 255], and KEK [256].
Another method to produce hypernuclei relies on the associated production mechanism, possible with
pion beams in processes as pi+ +A Z →AΛ Z + K+. Such beams have been available at the BNL-AGS
[257, 258] and KEK[259, 260] accelerators and, although the production cross section for hypernuclei
are smaller than for the K− beams, pion-induced reactions are more effective in producing states with
large angular momenta.
In all these measurements, one can determine the binding energy of the formed hypernuclei by
measuring the momentum of the ejected pi− or K+, and employing the missing mass method to evaluate
the mass of the hypernucleus. The binding energy is then evaluated by using the formula BE =
[M(Λ) + M(A−1Z) − M(AΛZ)]c2, where M(A−1Z) is the mass of the core-nucleus and M(AΛZ) is the
mass of the hypernucleus. Alternatively to the missing mass method, the hypernucleus mass can be
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reconstructed from the invariant mass of the decay products. The missing mass method allowed for a
precision of 3-4 MeV for the BNL results and 1-2 MeV for the KEK ones with in-flight pion and kaon
beams. The FINUDA experiment reached precisions of 1.4 MeV for the determination of the BE of
light hypernuclei (A<16) [261].
Figure 35: (Color online) Left panel: Momentum transferred to the Λ hyperon for different reactions as
a function of the beam momentum. Right panel: Binding energy of hypernuclei measured for different
reactions as a function of the mass number A−2/3. The full lines represent the predictions obtained
from a single-particle potential model [20].
Also electron beams can be used to produce hypernuclei exploiting reactions such as e− + AZ →
e−
′
+AΛ (Z−1)+K+. This mechanism leads to production cross sections of an order of magnitude smaller
than for in-flight K− beams, but allows for a better energy resolution (0.5−0.8 MeV) and also to study
neutron-rich hypernuclei. Moreover, the electro-production of free Λ and Σ hyperons off a proton target
allows for an absolute energy calibration, while for the methods mentioned previously only a relative
calibration among different nuclei is possible. The experiments with electron beams were extensively
carried out at JLab. The reached precision in the determination of the binding energy is due to the
fact that both the scattered electron and the produced kaon are fully reconstructed. Also, the beam
momentum determination is much more accurate than for the secondary K− and pi+ beams. Electrons
beams have been also employed at MAMI to produce hypernuclei [262]. There, both the outgoing
production of K+ and the pi− emitted in the weak decay of the hypernucleus can be reconstructed.
The binding energies measured for different hypernuclei are summarized in the right panel of Fig. 35
[20] as a function of the mass number A−2/3. The different colors refer to different methods employed to
produce the hypernuclei, and the lines correspond to the predicted binding energy according to a single
particle potential model with a Wood-Saxon potential of depth V0 = -30 MeV. One can see that the
binding energy saturates to values of about -28 MeV for large nuclei, and also that the single-particle
model reproduces the measurements in a satisfactory way.
The study of hypernuclei can also provide information on the Y N weak interactions by their non-
mesonic weak decay (NMWD: Λn→ nn or Λp→ np) [22, 261]. In light hypernuclei, the mesonic decay
modes are favored and the decay process is basically the same as that of a free Λ particle (Λ→ ppi− or
Λ→ npi0). On the other hand, in medium-heavy systems, due to the Pauli blocking and the increased
overlap of wave functions between Λ and nucleons, the non-mesonic channels, in which a Λ decays via
weak interactions with neighboring nucleon(s), dominate the decay process [263]. Until now, NMWD
is the only means to study the strangeness change baryon-baryon weak interaction. An important
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observable of the nonmesonic decay of hypernuclei is the ratio of the neutron-induced (Λn→ nn) over
the proton-induced (Λp→ np) decay rate, labelled as Γn/Γp. The experimental ratios had been reported
to be close or greater than unity, indicating the dominance of the neutron-induced channel, while the
theoretical ratios based on one-meson-exchange model were as small as 0.1 [264]. This puzzle has been
solved recently through the progress made in theoretical and experimental works by well taking account
of the final state interaction and the three-body process (ΛNN → nNN) [264].
A more detailed study of the Λ interaction is based on the measurement of the γ-spectroscopy of Λ
hypernuclei [21]. Indeed, the γ spectroscopy allows to study the fine-structure of the interaction and
elucidate the spin and angular momentum-dependent effective interaction. One can express the ΛN
interaction for nuclei, assuming that the Λ hyperon is in the s-orbit, as [20]
VΛN = V0(r) + ∆~sN · ~sΛ + SΛ~lN · ~sΛ + SN~lN · ~sN + TS12, (12)
where ~sΛ,N are the spins of the Λ and the valence nucleon(s), ~lN is the relative angular momentum
between the core nucleus and the Λ, S12 is the tensor component of the interaction, and ∆, SΛ, SN , T
parameters are to be determined by fitting experimental spectra. The energy levels of the low-lying
states are primarily determined by the strength of the spin-dependent term. The measured transitions
of p-shell hypernuclei allow to determine the parameters [20, 21], that are found to be equal to ∆ = 0.43
MeV (A = 7) or 0.33 MeV(A > 10), SΛ = −0.001 MeV, SN = −0.4 MeV and T = 0.03 MeV.
Such corrections have been quantified analyzing so far only the γ-spectra for light hypernuclei (A
< 16). An improved shell-model has been employed in the fitting of the p-shell γ-ray measurements in
[265] and the effect of the Λ−N to Σ−N coupling has been found to be non negligible.
Future measurements planned at JPARC should extend these studies to different nuclei species to
test the models also against the contribution of three-body interactions such as ΛNN , that are currently
not considered. Presently, the hypernuclei data do not provide any quantitative information on ΛNN ,
because if ΣN -ΛN coupling can be projected and, hence, absorbed in a two-body interaction, the three
body interaction can not.
More recently, measurements of the γ-ray spectra obtained in 19F (K−, pi−) at a beam momentum
of 1.8 GeV/c allowed to pin down, for the first time, sd hypernuclei4 [266], that can extend the study
of the ΛN spin-spin interactions to a wide A-range of hypernuclei. Figure 36 shows the γ ray spectrum
obtained gating the Λ binding energy with a selection of the missing mass for the 19F (K−, pi−) reaction.
The case showed here refers to the low-lying energy states (−21 < −BΛ < 5 MeV), and the peak
highlighted in red shows the 3/2+ → 1/2+ transition that provides the first experimental measurement
of sd hypernuclei. The schematic representation of the spin configuration shown in Fig. 36 evidences
that the measured energy spacing of 315± 0.4 (stat)+0.6−0.5 (syst) keV is primarly determined by the ΛN
spin-spin interaction. This energy line is reproduced to better than 20% by shell-model analyses that
use its fitted strength in the p-shell [266]. This new measurement is of significant interest to test the
theoretical framework for heavier hypernuclei.
The precise measurement of the γ spectra of heavier hypernuclei and the understanding of their
structure is considered important also to get information on the ΛNN three-body force (or nuclear-
density dependence of ΛN interaction). Indeed, the existence of the (short-range) repulsive NNN force
has been found by combining various data of ordinary nuclei and precise pp/pn scattering data, through
ab-initio calculations. The same approach will be followed for hypernuclei.
An additional topic investigated experimentally with hypernuclei is the charge symmetry breaking
(CSB). This effect deals with the invariance of the strong interaction to a rotation in the isospin space
(substituting protons with neutrons), and it is almost completely maintained in standard nuclei (70
keV difference between 3H and 3He).
4Hypernucleus where the Λ is in the s-orbit and the two nucleons are in the d-orbit.
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Figure 36: (Color online) γ-ray spectra obtained from the 19F (K−, pi−) at at a beam momentum of 1.8
GeV/c, and level diagram for the 19Λ F with the assigned γ ray transitions [266].
The situation is different for the strangeness sector, where the separation of the binding energies of
the Λ in the mirror nuclei 4ΛH and
4
ΛHe has been measured [262, 267, 268] and the most recent value
was found to be equal to 233 ± 92 keV [268]. This effect is, hence, much more sizable for hypernuclei
than for normal nuclei. This enhanced CSB effect for hypernuclei might play an important role in the
computation of the hyperon interactions in a neutron-rich environment.
The measurement of neutron-rich Λ hypernuclei can constrain the Λ-Σ mixing that occurs within
nuclei. This mixing is not present in free space, but the ΣN -ΛN coupling becomes relevant for nuclei
with a large isospin value (N  Z). The neutron-rich environment is also closely related to the study
of the equation of state of high-density neutron matter, as present within neutron stars. Although the
density tested in the hypernuclei is at most ρ0, a detailed knowledge of the ΣN -ΛN coupling is essential
to build a realistic equation of state.
The most efficient way to produce neutron-rich hypernuclei are double charge exchange reactions,
such as the (pi−, K+) and (K−, pi+). In these reactions, two protons are converted to a Λ and a
neutron. The FINUDA collaboration claimed the observation of a 6ΛH hypernucleus [269] produced in
the reaction 6Li(K−stopped, pi
+)6ΛH, followed by the decay
6
ΛH →6 He + pi−, where the secondary pi− was
identified. The reconstructed invariant mass reports a binding energy of 2.31 MeV w.r.t. the t + 2n+ Λ
threshold, which would indicate a rather small contribution from ΣN -ΛN coupling. On the other hand,
the J-PARC E10 experiment searched for the same 6ΛH state in the reaction
6Li(pi−, K+)X and could
only determine an upper limit [270]. This means that new experiments are called for to confirm the
existence of such neutron-rich hypernuclei. In this context, also the investigation of neutron-deficient
hypernuclei plays an important role. These hypernuclei are not measured at the moment, but future
experiments planned at the FAIR facility by the R3B collaboration employing radioactive beams will
study such hypernuclei [271].
The existence of Σ-hypernuclei is not completely ruled out. Indeed, evidence of a relatively narrow
Σ-hypernucleus was suggested in the 1980s using in-flight (CERN [272] and BNL [273]) and stopped
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(KEK [274]) K− beams. These data supported a Σ-nuclear attractive interaction of 25-30 MeV. On
the other end, more recent measurements of the Σ− at KEK [275] have established that the Σ-nuclear
interaction is strongly repulsive. Considering the rather shallow correlation measured for the pΣ0
correlation discussed in Sec. 4.1, a sizeable interaction seems excluded, but more precise data are
needed to clarify the situation.
Hypernuclei allows also to investigate the interaction in the S=-2 sector since ΛΛ- and Ξ- and have
been studied as well. Before the advent of the direct ΛΛ correlation measurements described in Sec. 4.1,
double-Λ hypernuclei have been employed to investigate the ΛΛ interaction. The ΛΛ interaction strength
in AΛΛZ can be determined from the measurement of the masses of the double- and single-Λ hypernuclei.
The following equation is used,
∆BΛΛ(
A
ΛΛZ) = BΛΛ(
A
ΛΛZ)− 2BΛ(A−1Λ Z), (13)
where BΛΛ and BΛ are the binding energies of the two Λ hyperons in the double-Λ hypernucleus and a
single Λ hyperon in the single-Λ hypernucleus, respectively.
Among the several double-Λ hypernuclei so far reported in emulsion experiments [276–279], the
clearest evidence was shown by the NAGARA event discovered by the KEK-PS E373 experiment [279].
In this work, the 6ΛΛHe state was identified unambiguously in the reaction Ξ
− +12 C →6ΛΛ He +4 He +
t; 6ΛΛHe→5Λ He + p+ pi−, and the value of ∆BΛΛ(6ΛΛHe) = 0.67± 0.17 MeV was determined [280].
The assignment of this event to a double-Λ hypernucleus is unique, because all the involved hy-
pernuclei have no particle-stable excited states. This very small number questions the existence of the
H-dibaryon state, but, on the other hand, the number is greatly affected by the structure of the core
nucleus. Hence, it is necessary to measure different double-Λ hypernuclei with different core sizes and
p-shell hypernuclei to extract more precise constraints on the genuine ΛΛ interaction.
Future perspectives for the production of ΛΛ-hypernuclei are offered by the P¯ANDA collaboration
at FAIR, exploiting the large cross section of hyperon-antihyperon pairs, produced via antiprotons to
form single- and double-Λ hypernuclei [281]. A high resolution spectroscopy system will complement
the detection system.
For Ξ-hypernuclei, the KISO event was measured by the KEK E373 experiment using emulsion
exposures [282]. This event is uniquely tagged as Ξ− +14 N →10Λ Be +5Λ He, but it is not clear whether
the final state of 10Λ Be is in a ground or excited state. The resulting BΞ binding is rather shallow and
found to be equal to 1.11 ± 0.25 MeV. This result is consistent with the hypothesis of an initial Ξ−
absorption on a 3D level or deeper, as it is also assumed in the analysis of the ΛΛ-hypernuclei. This
demonstrates how these analyses are complementary to each others and both necessary to pin down
the different interactions precisely.
If we compare this rather small number to the rather attractive two-body potential predicted by HAL
QCD calculations [201] and validated by the pΞ− correlation measured by ALICE [19] (see Sec. 4.1),
one can see rather clearly that the sensitivity of hypernuclei to two-body interactions is limited. Indeed,
the clear difference between the pΛ and pΞ− correlation functions reflect directly the difference in the
interaction, but within hypernuclei one can test only the average value of the interactions because of
the presence of many nucleons.
A complementary technique to produce hypernuclei is to employ HICs, either using projectile frag-
mentation reactions in fixed target experiments at GSI (HYPHI collaboration [284]) or with HICs at
colliders (STAR [285] and ALICE [283] collaborations). In particular, light hypernuclei have been suc-
cessfully measured in the last years with focus on the determination of the hypertriton (3ΛH) lifetime.
The separation energy of the Λ in this hypernucleus is only about 130 keV, and this results in an RMS
radius of 10.6 fm for the hypertriton. A very low binding energy suggests a small change of the Λ wave
function in a nucleus and, hence, one can expect the lifetime of the hypertriton to be very close to that
of the free Λ. Several measurements systematically reported a shorter lifetime for 3ΛH, as shown in Fig.
37 and this generated the so called ’hypertriton lifetime puzzle’. Indeed, a possible modification of the
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Figure 37: Collection of the hypertriton lifetime measurements obtained with different experimental
techniques. The orange band represents the average of all the lifetime measurements and the black
horizontal line is the free Λ lifetime [283].
lifetime would have consequences on the ΛN and ΛNN interactions. The most recent measurement of
the hypertriton lifetime performed by ALICE is compatible with the Λ free lifetime (see red symbol
in Fig. 37 in comparison with the black horizontal line). This measurement goes in the direction of
solving the hypertriton puzzle.
4.3.2 Theory of hypernuclei: from chiral effective field theory to lattice QCD
Several approaches have been used over the years to determine the properties of hyperons in finite nuclei
and to relate them with the underlying Y N and Y Y interactions [20]. Those range from mean-field
potentials of Woods-Saxon type [286], non-relativistic Hartree-Fock calculations using Skyrme-type Y N
interactions [287] to relativistic approaches, based on Dirac phenomenology [288] or mean-field theory
[289] (see Ref. [290] for a review and an extensive list of references for all previous approaches). Also,
microscopic hypernuclear structure analyses derived from diagrammatic expansions using the bare Y N
have been performed (see [291] and references therein), as well as quantum Monte-Carlo calculations
of single- and double- Λ hypernuclei using two- and three-body forces between the Λ and nucleons
[292, 293]. The quality of the description of hypernuclei in most of these previous works relies on
the validity of the mean-field picture. However, the correlations induced by the Y N interaction can
substantially change this picture, as seen in Ref. [294].
Whereas most of the microscopic calculations on hypernuclear structure have been done using Y N
meson-exchange models, in the recent years there has been some progress in the study of light hypernu-
clei with Y N derived from χEFT (see [220, 295, 296] for recent calculations and references therein). In
particular, in Ref. [295] the large CSB observed in the binding energies of 4ΛHe and
4
ΛH hypernuclei was
reproduced within ab-initio no-core shell model calculations using the LO of the χEFT Y N potential
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plus a charge symmetry breaking Λ-Σ0 mixing vertex.
More recently, the Λ single-particle states for various hypernuclei from 5ΛHe to
209
Λ Pb have been
calculated using the NLO13 and NLO19 versions of the NLO potentials, finding a qualitatively good
agreement with the data for the NLO19 interaction [297]. As for the hypertriton and its binding energy,
a new measurement by the STAR collaboration suggests a value of EΛ = 0.41± 0.12 MeV [298], which
is about three times larger than the original benchmark of EΛ = 0.13 ± 0.05 MeV [251]. This has
stimulated the reanalysis of the hypertriton binding energy in the context of χEFT. The use of the
recent Y N NLO13 and NLO19 potentials within Faddeev and Yakubovsky equations has shown that it
is possible to reconcile a larger binding energy of the hypertriton, whereas keeping the overall description
of the Λp and ΣN data. This can be done by increasing the attraction in the Λp 1S0 partial wave,
while correspondingly reducing the attraction in the 3S1 channel, with the caveat of breaking the strict
SU(3) symmetry for the contact interactions in the ΛN and ΣN channels [299]. On the other hand,
as discussed in Sec. 4.3.1, recent measurements of the hypertriton lifetime by ALICE [283] indicates
consistency with the free Λ lifetime, thus hinting to a small value of the hypertriton binding energy,
that could lead to a possible reanalysis of the theoretical predictions.
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Figure 38: (Color online) Results of the NPLQCD collaboration on the low-lying energy levels for
different nuclei and hypernuclei, with the spin and parity Jpi. Revised figure from [246].
LQCD collaborations have also addressed the study of hypernuclei. In Ref. [246] the lightest nuclei
and hypernuclei were analyzed in the absence of electromagnetic interactions, showing the first results
on LQCD for a number of s-shell nuclei and hypernuclei with A ≤ 5, including the hypertriton 3ΛH as well
as 3He, 3ΛHe,
4
ΛHe,
4
ΛΛHe and the H-dibaryon in the limit of exact SU(3)-flavor symmetry at the physical
strange-quark mass, with mpi = mK = mη ∼ 800 MeV. The binding energies of the extracted nuclear
and hypernuclear states with their corresponding spin and parity Jpi are shown in Fig. 38. At this
unphysical value of the quark mass, all the baryon systems are bound. The same kind of calculations at
lighter quark-mass values are then needed to determine how the binding energies evolve as the physical
point is approached. Work alone this line is in progress.
In Ref. [300], on the other hand, the authors have searched for ΞNN and ΞNNN bound systems
using phenomenological potentials and the ΞN potential extracted from LQCD [232]. The ΞNNN
system with isospin 0 and Jpi = 1+ appears to be bound, being deeply bound for the Nijmegen potential
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and shallow for the HAL QCD one, below the 3H/3He + Ξ threshold.
4.4 Hyperons in dense matter
4.4.1 Hyperon production in hadron-hadron collisions
Hyperon properties within nuclear matter have been also investigated by measuring the hyperons mo-
mentum and rapidity distributions in different hadron-hadron collisions. The main motivation for this
kind of studies is that, in HICs at intermediate energies (kinetic energies of few GeV maximally), bary-
onic densities up top 2 − 3 ρ0 should be reached and, hence, the kinematic of the produced hyperons
might be modified by the hyperon rescattering within the dense medium. Such measurements have been
carried out for p+p/A [301, 302], pi−+A [17, 138] and A+A [142] collisions at intermediate energies to
study elementary reactions as a reference, light colliding systems to test the properties of hyperons at
saturation densities, and finally HICs to infer on the hyperon propagation within dense environments.
So far, the only way to investigate possible in-medium modifications of hyperons is the comparison to
transport models, where the interaction can be varied. As mentioned before, first elementary reactions
are investigated to calibrate the production cross sections within the transport models.
Figure 39: (Color online) Λ differential cross sections as a function of pT for different rapidity intervals
measured in pp collisions at 3.5 GeV by HADES [301]. The magenta histogram represents the sum of all
simulated production channels. The other curves listed in the legend correspond to the decomposition
of the model in the single channels.
The pp collisions at 3.5 GeV measured by HADES provided precision pT spectra for a rather broad
rapidity interval [301]. Figure 39 shows the measured differential production cross section for Λ as a
function of pT compared to a model that includes all known, and partially exclusively measured channels
contributing to the inclusive final state. The model also accounts for the contributions of broad N∗
resonances and their interferences [104]. One can see that the model underestimates the measured cross
section for backward rapidities. Since this represents the reference for transport calculations, it is then
seen that the reference for elementary reactions is not under control.
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This result anticipates the limits of a direct comparison of data and models for the hyperon kinematic
distributions in heavier colliding systems. It, hence, does not come as a surprise that the Λ spectra
measured in Au+Au collisions at 1.23 AGeV by HADES [142] can not interpreted quantitatively relying
on transport models.
Figure 40: (Color online) Left panel: Inclusive Λ pT distribution measured in Au + Au collisions at
1.23 AGeV by HADES [142], compared to normalized distributions obtained from different transport
models. Right panel: Ξ−/(Λ + Σ0) ratio as function of
√
sNN or
√
sNN −√sthr (inset) [303]. The full
circle represents the HADES measurement in Ar+KCl at 1.76 AGeV, the arrow gives the threshold in
free NN collisions. The open star, triangles and square represent data for central Au+Au and Pb+Pb
collisions measured at RHIC. The solid line refers to the prediction from a statistical hadronization
model.
Figure 40 shows the inclusive Λ pT distribution compared to the normalized distributions obtained
from three different transport models. One can see that only the UrQMD model reproduces the shape
of the measured distribution, but an absolute comparison shows that the UrQMD overpredicts the
measured Λ yield by 30% and does not describe the K0s at the same time. Hence no conclusion on the
hyperon in-medium properties can be drawn.
Additional measurements of Λ hyperons have been carried out by the FOPI collaboration [304], but
also for this data set not conclusive information about the behaviour of hyperons in matter could be
extracted.
The Σ0 hyperons have also been measured in p + Nb reactions a 3.5 GeV by HADES [305] by
exploiting the decay Σ0 → Λ+γ. However, only an inclusive production cross section could be extracted
from this measurement, because the reconstruction of the 80 MeV photon via its decay into e+e− pairs
has a very low efficiency.
Moreover, Ξ− hyperons have been measured in Ar+KCl collisions at 1.76 AGeV also with HADES
[303]. The weak decay Ξ− → Λ + pi− was exploited and also, in this case, the statistics is too limited to
allow for a differential analysis. The measured Ξ−/(Λ + Σ0) yield can be, however, compared to other
measurements at higher energy and to the predictions from a statistical hadronization model. Although
the process is deep sub-threshold, the measured yield is found about a factor 24 higher than expected
according to the statistical model. This result indicates that the conditions for the applicability of
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statistical models are not fulfilled for cascade production in small systems far below threshold, and that
the unexpectedly high Ξ− yield might be due to modifications of the hyperon properties within nuclear
matter. On the other hand, so far no quantitative explanation of this effect could be found.
4.4.2 Hyperons in dense matter from baryon-baryon interactions
Starting from the realistic Y N and Y Y interactions (see Sec. 4.2), the properties of hyperons in dense
matter can be obtained by incorporating medium corrections coming from the interaction with the
surrounding many-body medium. This so-called microscopic formulation has been attempted following
various many-body approaches, such as variational calculations [306], renormalization group methods
[307], LQCD calculations [229, 308] or diagrammatic expansions within the Brueckner-Hartree-Fock
approach (BHF) [309–314] or Dirac-Brueckner-Hartree-Fock (DBHF) [315, 316].
One of the most widely used method is the BHF approach to compute single-particle potentials of
hyperons within nuclear matter. The fundamental input of the BHF calculations are the potentials in
the NN , Y N , and Y Y sectors, supplemented by three-body forces, which in the NN sector are required
in order to ensure a correct saturation point of nuclear matter. One of the first BHF calculations was
performed using Y N interactions adopted from the Nijmegen potentials [310]. The calculation did not
take into account, however, the Y Y interactions. Later on, the single-particle potentials of nucleons
and hyperons were obtained using the NN , Y N and Y Y interactions from the Nijmegen potentials
NSC89 and Nijmegen97(e) [312]. A further step forward was made within BHF by employing the
version ESC08b of the Nijmegen Y N potential [314]. One interesting feature of the ESC08b Y N is
the repulsive Σ−N interaction, which was attractive in the previous Nijmegen models.
In more recent works, the single-particle potentials of the Λ and Σ in nuclear matter have been
calculated within the same BHF approach, but using the LO and NLO (NLO13) Y N interactions of
[317]. The Λ single-particle potential turns out to be in good qualitative agreement with the empirical
values extracted from hypernuclei [20], whereas the Σ-nuclear potential, on the other hand, has been
found to be repulsive, although some independent studies of Σ− atoms conclude that the Σ−-nucleus
potential should be attractive [318, 319]. The analysis of Ref. [317] has been subsequently revisited
in Ref. [320] by a) employing also the NN from χEFT, b) implementing the continuous choice for
intermediate-state spectra in the BHF approach, and c) investigating isospin-asymmetric matter. The
Σ-nuclear potential turns out to be moderately repulsive for both LO and NLO13, and the Λ-nuclear
potential becomes repulsive from two-to-three times saturation density.
Figure 41 shows the single particle potentials for Λ, Σ and Ξ as a function of Fermi momenta. In
first panel, one can see that the older calculations based on meson-exchange interactions (dashed lines)
lead to a mere attractive single-particle potential for Λ at saturation density. The BHF based on NLO13
interactions (red band) shows also attraction at saturation, with a repulsive component dominating at
higher densities. The Σ single-particle potential is repulsive in all the considered calculations, as seen
in the middle panel of Fig. 41.
Very recently, the NLO19 χEFT Y N has been used for the computation of the hyperon single-
particle energies, differing from the previous NLO13 as described in Sec. 4.2. As discussed in Sec. 4.2, it
has been found that the NLO13 and NLO19 variants yield equivalent results for ΛN and ΣN scattering
observables [220]. However, the in-medium Λ and Σ properties in matter are different when using
NLO13 or NLO19, as the strength of ΛN -ΣN transition potential changes.
From the left panel of Fig. 41, it is observed that the Λ-nuclear potential using the new NLO19 is
much more attractive in the medium than for NLO13. Comparing the results from the Ju¨lich04 model
and NSC97f meson-exchange potentials to NLO13 and NLO19, the Λ single-potential is more attractive
for the Ju¨lich04 potential (dashed lines), whereas the NSC97f (dotted lines) shows a similar behaviour
as the NLO19 (cyan band). As for the Σ-nuclear potential, the NLO19 interaction provides slightly
more repulsion that for the other interactions, although there is very little difference with respect to
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Figure 41: (Color online) Left and middle panels: Λ and Σ single-particle potentials as a function
of the Fermi momentum pF in symmetric nuclear matter for NLO13 (red band) and NLO19 (cyan
band). The results for the Nijmegen NSC97f potential (dotted lines) and the Ju¨lich04 meson-exchange
potential (dashed lines) are also shown. The vertical bar indicates the empirical value. Figures adapted
from [220]. Right panel: The Ξ single-potential as a function of the Fermi momentum pF in symmetric
nuclear matter for LO (green band) and NLO (red band). The circles correspond to the fss2 scheme
and the dotted line to the ESC08c Nijmegen potential. Figure adapted from [221].
NLO13 (middle panel of Fig. 41). The dominant contribution of the 3S1 partial wave of the Σ
+p channel
is the responsible for the repulsion. The authors indicate that their result for Σ single-particle potential
is in accordance with the observation from studies of the level shifts and widths of Σ− atoms, and
measurements of (pi−, K+) inclusive spectra for the Σ−-formation in heavy nuclei, that show that the
Σ-nuclear potential is repulsive.
The effect of three-body forces has also been addressed in the case of the Λ-nuclear interaction
in Ref. [224]. Three-body forces are necessary to reproduce few-nucleon binding energies, scattering
observables and the nuclear saturation properties in non-relativistic many-body approaches, such as
BHF. Adding a density-dependent effective ΛN interaction constructed from the chiral ΛNN force, the
Λ single-particle potential becomes more repulsive when three-body forces are included.
As for the Ξ-nuclear potential (right panel of Fig. 41), the interaction strength varies between -3
to -5 MeV, smaller than the usually reported values of -14 MeV [20], but in line with another BHF
outcome using the Ju¨lich ΞN .
Interestingly, the single-particle potentials for the Λ, Σ and Ξ have been also calculated within the
BHF approach using the potentials extracted from the lattice by the HAL QCD collaboration [308].
The authors have obtained the single-particle potentials for hyperons in pure neutron matter and, also,
in symmetric nuclear matter (see left and middle panels of Fig. 42). The values for saturation density
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Figure 42: (Color online) Left and middle panels: Hyperon single-particle potentials in pure neutron
matter (left) and normal nuclear matter (middle), based on the interaction potentials extracted from
the lattice by the HAL QCD collaboration. Figures taken from [308]. Right panel: The energy shift of
Σ− versus the neutron density, with the inner (outer) bands encompassing the statistical (systematic)
uncertainties, obtained by the NPLQCD collaboration. Figure taken from [229].
in symmetric nuclear matter are UΛ=-28 MeV, UΣ = 15 MeV, and UΞ = -4 MeV, with a statistical error
about ± 2 MeV associated with the Monte-Carlo simulation. As discussed in Sec. 4.1, the measured
pΞ− correlation at the LHC has validated the HAL QCD predictions. The resulting slightly repulsive
single-particle potential for Ξ− in pure neutron matter disfavors the Ξ appearance within neutron stars.
The NPLQCD collaboration, on the other hand, has been able to estimate the Σ− energy shift
in pure neutron matter. Fumi’s theorem relates the energy shift due to a static impurity in a non-
interacting Fermi system to an energy integral over the phase shifts. Using this result together with
the LQCD determinations of the phase shifts (and allowing for a 30% uncertainty), the authors find
that the repulsion in the Σ−n system does not exclude the presence of Σ hyperons in neutron star
matter. The energy shift of Σ− versus the neutron density, with the inner (outer) bands encompassing
the statistical (systematic) uncertainties, is shown in the right panel of Fig. 42.
Last but not least, quark models [321] or renormalization group schemes in matter [307] have been
also used to determine the properties of hyperons in medium. As an example, we should mention
the Y N potential low-momentum interaction deduced from the available Y N bare potentials. It has
been found that, due to the limited experimental data on Y N , the Y N bare potentials are not well
constrained, and thus there is no-universal Y N potential low-momentum interaction [307], so no clear
determination of the hyperon properties in dense matter is possible.
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5 Connection to Neutron Stars
5.1 Brief description of Neutron Stars
Neutron stars (NSs) are a unique laboratory to test the fundamental properties of matter under strong
gravitational and magnetic fields as well as at extreme conditions of density, isospin asymmetry and
temperature [4, 23, 24].
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Figure 43: (Color online) Schematic picture of the interior of a neutron star. Figure adapted from
[322].
NSs are supported against gravitational collapse mainly by the neutron degeneracy pressure. NSs
have typically masses of the order of 1-2M and radii within the range 10-12 km. Such masses and radii
yield an averaged density for NSs of the order of ∼ 1014g/cm3. Nevertheless, the expected densities
span over a wide range as the internal structure can be described as an onion-like, as depicted in Fig. 43.
In this figure, a schematic picture of the internal structure of NSs is shown, where one can distinguish
several layers: the atmosphere, the thin outermost layer; the outer and inner crust with about ≈ 1 km
and a mass of only a few percent of the total mass of the star; and the core, divided in the outer and
the inner core, with a radius of about ≈ 10 km and almost the total mass of the star. The composition
of this inner region is though not known, and several hypothesis have been postulated, such as pion or
kaon condensates, baryonic matter made of nucleons and hyperons, and/or deconfined quark matter.
In this review we assume that baryonic matter occupies the inner core of NSs, as we are interested in
the properties of nucleons and hyperons in neutron star matter.
NSs are in equilibrium against weak interaction processes, that is,
b1 → b2 + l + ν¯l, b2 + l→ b1 + νl, (14)
where bi refers to a certain type of baryon, l represents a lepton, and νl and ν¯l the corresponding
neutrino and antineutrino, respectively. The composition of β−equilibrated charged neutral matter can
be determined by analyzing all the possible reactions among the different components of matter, and
expressed them in terms of the different chemical potentials µi, so that one arrives to
µbi = Bbiµn − qbiµe,
µlj = −qljµe, (15)
61
where Bbi is the baryonic number of the baryon bi, qbi(lj) the charge of bi baryon (lj lepton), and µn
and µe the chemical potential of the neutron and electron, respectively. Note that since the mean free
path of the (anti-)neutrinos is much larger than the typical size of a NS, they freely escape without
contributing to the energy balance. The charged neutrality is ensured by∑
bi
qbiρbi +
∑
lj
qljρlj = 0, (16)
where ρbi(lj) is the density of bi(lj), whereas the total baryonic density is given by
ρ =
∑
bi
Bbiρbi . (17)
The structure of NSs can be determined using Einstein’s general relativity theory. Einstein’s field
equations for a spherical static star take the form of the Tolman-Oppenheimer-Volkoff (TOV) structure
equations, that using G = c = 1 units read
dP (r)
dr
= −G
r2
[ε(r) + P (r)] [M(r) + 4pir3P (r)]
[
1− 2GM(r)
r
]−1
, (18)
dM(r)
dr
= 4pir2ε(r). (19)
The TOV equations are the equations of the hydrostatical equilibrium in general relativity. They can
be interpreted as follows. Taking a shell of matter of radius r and thickness dr, we can see that Eq. (19)
gives the mass energy in this shell. The left-hand side of Eq. (18) is the net force acting outwards on
the surface of the shell by the pressure difference between the interior and the exterior, dP (r), whereas
the right-hand side is the force of gravity acting on the shell by the mass in the interior.
As earlier mentioned, the TOV equations are valid for a spherical static compact objects. However,
NSs are rotating stars, detected as they pulsate (pulsars). Thus, the spherical symmetry is broken and
only the axial symmetry remains as the NSs flatten with rotation. In this case, the usual approach to
address rotation in NSs is based on a perturbative method developed by Hartle and Thorne [323].
The equation of state (EoS), i.e., the relation between the pressure P and the energy density , is the
manner in which matter and its composition enters the equations of stellar structure. For a given EoS,
the TOV equations can be integrated by specifying the initial conditions, that is, the enclosed mass and
the pressure at the center of the star, M(r = 0) = 0 and P (r = 0) = Pc, with Pc taking an arbitrary
value. The integration of the TOV equations over the radial coordinate r ends when P (r = R) = 0,
where R is the radius of the star and M(R) the total mass M .
5.2 The nuclear Equation of State
As previously indicated, to solve the structure equations of NSs, one needs to first determine the EoS.
This task is, however, complicated given the fact that the EoS for NSs span for a wide range of densities,
temperatures and isospin asymmetries.
Models of the EoS in the NS crust are based on atomic nuclei experimental data, nucleon scattering
results, and theoretical models for strongly coupled Coulomb systems. As we go deeper in the star and
for densities ≈ 1014g/cm3, matter becomes a uniform fluid of neutrons, protons and electrons. The
EoS in the outer core of the NS can be obtained by using models for nuclear structure calculations.
However, as we enter the unknown inner core, we rely on theoretical calculations of the nuclear EoS
that could be only tested by astrophysical observations.
The nuclear EoS describes an idealised infinite uniform system of nucleons, where the Coulomb
interaction is switched off. Symmetric nuclear matter, with an equal number of neutrons and protons,
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is the simplest approximation to bulk matter in heavy atomic nuclei, whereas pure neutron matter is
the simplest approach to the matter in the NS core.
It is convenient to express the energy per nucleon of the nuclear system of density ρ as
E
A
(ρ, δ) =
E
A
(ρ, 0) + S(ρ)δ2 + ..., (20)
with δ = (N −Z)/A, N(Z) being the neutron (proton) number and A = N +Z. The (E/A)(ρ, 0) term
describes the energy per nucleon of symmetric nuclear matter (δ = 0), whereas S(ρ) is the symmetry
energy that measures the energy cost involved in changing the protons into neutrons in nuclear matter.
Expanding both terms around saturation density for symmetric matter, ρ0, one obtains
E
A
(ρ, 0) =
E
A
(ρ0) +
1
18
K0
2 + ...,
S(ρ) = S0 +
1
3
L+
1
18
Ksym
2 + ..., (21)
where  = (ρ − ρ0)/ρ0. The isoscalar parameters are the binding energy per nucleon at saturation
(E/A)(ρ0) and the incompressibility at the saturation point K0. The isovector parameters are the
symmetry energy coefficient at saturation S0, and L and Ksym that characterize the density dependence
of the symmetry energy around saturation. The K0, S0, L and Ksym parameters are defined as
K0 ≡ 9ρ20
(
∂2(E/A)(ρ, δ)
∂ρ2
)
ρ0,δ=0
, S0 ≡ 1
2
(
∂2(E/A)(ρ, δ)
∂δ2
)
ρ0,δ=0
,
L ≡ 3ρ0
(
∂S(ρ)
∂ρ
)
ρ0
, Ksym ≡ 9ρ20
(
∂2S(ρ)
∂ρ2
)
ρ0
. (22)
Note that the energy density of the system is given by
ε(ρ, δ) = ρ
E
A
(ρ, δ), (23)
and the pressure is then easily obtained using thermodynamic relations
P = ρ2
∂(E/A)(ρ, δ)
∂ρ
= ρ
∂ε(ρ, δ)
∂ρ
− ε(ρ, δ). (24)
5.2.1 Theoretical models on the nuclear Equation of State
The theoretical description of nuclear matter in the core of NS is based on the use of different theo-
retical many-body approaches. These are usually divided in two main categories, microscopic ab-initio
approaches and phenomenological schemes.
Microscopic ab-initio approaches obtain the nuclear EoS by solving the many-body problem starting
from two-body and three-body meson-exchange or chiral interactions, that are fitted to experimental
scattering data and to the properties of finite nuclei (see discussion in Sec. 4.2). These approaches deal
with the difficulty of the treatment of the short-range repulsive core of the nuclear force. The ab-initio
approaches include schemes based on the variational method [306], quantum-montecarlo techniques
[324–326], the correlated basis function formalism [327], diagrammatic methods (Brueckner-Bethe-
Goldstone expansion [328], the DBHF approach [329, 330] and the self-consistent Green’s function
[331]), renormalization group methods [332], and LQCD calculations [225, 235]. The advantage of most
of these approaches is the systematic addition of higher-order contributions allowing for a controlled
description of the EoS. However, the main disadvantage is the applicability to high densities, as the
inclusion of higher-order contributions make the calculations more difficult and tedious.
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Phenomenological schemes rely on density-dependent interactions that are adjusted to nuclear ob-
servables and NS observations. Among them, one can find energy-density functional schemes of non-
relativistic type, such as the Skyrme [333] or Gogny [334] schemes, or relativistic models, usually derived
from a Lagrangian with baryon and meson fields, at the mean-field or Hartree-Fock level [335, 336]. The
advantage of these schemes is the possible application to high densities beyond the saturation density,
whereas the disadvantage lies on the fact that those approaches are built in a non-systematic manner.
For a more detailed explanation of the different models and an exhaustive list of references, we refer
the reader to recent reviews, such as Refs. [337, 338].
5.3 Constraints on the nuclear Equation of State
Constraints on the nuclear EoS can be inferred from nuclear physics experiments and astrophysical
observations. However, in most cases, these constraints are extracted after theoretical modelling and/or
after extrapolations to regions not accessible by experiments and observations. Hence, these constraints
have to be taken with caution.
5.3.1 Experimental constraints
In order to study the EoS of dense nuclear matter, several experimental methods can be exploited. With
respect to the connection to the physics of NSs, it is particularly relevant to test experimentally the
role played by neutrons in the EoS. Hence, a measurement of the symmmetry energy S(ρ) for different
densities is aimed for.
Figure 44: (Color online) Left panel: The solid and open points show experimental values for the
transverse flow as a function of the incident energy per nucleon for HICs in fixed target experiments.
The various lines represent the predictions from transport code calculations assuming different incom-
pressibility (parameter K0) of the nuclear EoS. The maximal densities reached in the collisions are also
estimated via transport calculations [339]. Right panel: Measured asymmetry of electron scattering
versus the neutron point radius Rn in
208Pb [340].
HICs at different energies have been exploited to quantify the EoS of symmetric nuclear matter and
the transverse flow measurement5 of charged particles emitted in collisions [339] has been employed.
5Collective flow perpendicular to the beam axis
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The left panel of Fig. 44 shows the transverse flow of charged particles measured for collisions with 197Au
projectiles, impinging on target nuclei at incident kinetic energies Ebeam/A ranging from about 0.15 to 10
GeV per nucleon (29.6 to 1970 GeV total beam kinetic energies). The experimental data are compared
to the predictions by transport model calculations assuming different values of the incompressibility of
nuclear matter K0 (see Eqs. (22)). This parameter quantifies the curvature of the energy per nucleon
as a function of the system density at saturation density. Hence, it is crucial for the extrapolation at
high densities. In the case of low values of K0 (160-210) we speak of a soft EoS, while larger values
of K0 (> 300) indicate a stiff EoS. Using these analyses, a strongly repulsive nuclear EoS and weakly
repulsive EoS with phase transitions at densities less than three times that of stable nuclei are ruled
out, and soft EoSs at higher densities are favoured.
Moving to neutron rich matter, the symmetry energy S(ρ) is related to the pressure exerted by the
neutron excess. One experimental method to evaluate the symmetry energy within nuclei is to study the
response of a nucleus to an external electric field. Indeed, if protons are displaced by the field, regions of
asymmetry are created that are not energetically favorable due to the symmetry energy. One can study
the collective excitation resulting after the external field has been switched off, that normally results
in a Giant Dipole Resonance. The frequency of the oscillation is connected to the symmetry energy.
Additionally, in case of a neutron excess inside the nucleus, a neutron skin could develop and also a
low-energy dipole strength due to the oscillation of the excess neutrons with respect to the symmetric
core appears. Such an oscillation is called Pigmy Dipole Resonance, and it is correlation to the thickness
of the neutron skin [341].
This neutron pressure can also be quantified at saturation density by measuring the thickness of the
neutron skins of neutron-rich nuclei. Indeed, the larger the pressure is, the thicker is the resulting skin.
A recent review on the measurement of neutron skins can be found in [341]. Here, we want to discuss an
example of such measurements. The PREX collaboration was pioneering in exploiting parity-violating
measurements of neutron densities by means of electron scattering [340]. This measurement is sensitive
to the neutron density, because the neutron coupling to the weak-neutral Z0 boson is much larger than
for the proton. Longitudinally polarised electrons are scattered off 208Pb nuclei, and the difference in
the scattering of left- and right-handed electrons is related to the weak and charged form nuclear factor.
Since the charged form factor is accurately determined, the weak form factor can be extracted for a
given value of the transferred momentum and a matter radius can be extracted. The right panel of
Fig. 44 shows the measured asymmetry as a function of the neutron radius Rn. The PREX experiment
reported a parity-violating asymmetry equal to APbPV = 656 ± 60(stat) ± 14 (syst) ppb and a derived
neutron skin thickness of RPb
208
skin = 0.33
+0.16
−0.18 fm.
This pioneering result does not yet provide a sufficiently stringent constraint on the EoS of neutron-
rich matter, because of the still sizable error of the extracted Rn. Future measurements at Jlab (PREX2)
aim at achieving a precision of ±0.06 fm, and the upcoming MESA facility will enable a new parity-
asymmetry experiment (P2) [342], with higher beam intensities and a full azimuthal coverage. This will
allow for a precision of ±0.03 fm in the matter radius determination.
Alternative measurements of neutron-removal cross sections in high-energy nuclear collisions of 0.4
to 1 GeV/nucleon have been proposed in this context [343]. Indeed, the measurement of neutron-
removal cross sections on the neutron skin of medium-heavy neutron-rich nuclei could be correlated to
the symmetry energy, and even a better precision envisaged for the future asymmetry in parity-violating
experiment is claimed. Future experiments in this direction offer a complementary tool to investigate
the properties of neutron-rich matter.
The measurement of isospin diffusion in 112Sn +124 Sn and 124Sn +112 Sn reactions at a kinetic energy
of 50 AMeV was used to estimate the symmetry energy at sub-saturation densities (0.4 ≤ ρ/ρ0 ≤ 1.2)
[344, 345]. These measurements have been performed at MSU, and they consist in studying the isotopic
distribution near the projectile rapidity to see if neutrons can diffuse from one nucleus to another,
because of the effect of the nuclear mean-field.
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Figure 45: (Color online) Left panel: Comparison of experimental isospin transport ratios (shaded re-
gions) to ImQMD results (lines) for different impact parameters and different values of the γ parameter.
ξ2 analysis for b=6 fm (solid curve) and b=7 fm (dashed curve) as a function of rapidity [345]. Right
panel: Representation of the extracted constraints for S0 and L. The right axis corresponds to the
neutron matter symmetry pressure at saturation density. The region bounded by the diagonal lines
represents the constraints obtained by the isospin diffusion experiments [345].
The left panel of Fig. 45 shows the measured ratio Ri for the two asymmetric colliding systems as
a function of the measured impact parameter. In case of no diffusion, Ri should be equal to −1 for
the 112Sn +124 Sn and equal to 1 for the 124Sn +112 Sn colliding system. One can see that in both cases
the absolute value is smaller than one, indicating the diffusion of neutrons from the neutron-rich to the
neutron-deficient nucleus. The experimental values are compared with transport calculations based on
the ImQMD model assuming different values of the γ parameter. The latter defines the EoS from very
soft (γ = 0.35) to very stiff (γ = 2).
The right panel of Fig. 45 shows the extracted constraints on the L and S0 parameters (see Eqs.
(22)) with the diagonal light blue lines. These results overlap with recent constraints obtained from
Giant Dipole Resonances, Pygmy Dipole Resonances, and mass data.
HICs at intermediate energies, such as the 197Au +197 Au reaction at 400 MeV/nucleon, have been
also employed to study the isospin dependence of the EoS [346, 347]. In the collisions of heavy nuclei at
moderate energies, a density up to 2 or 3 times the saturation density can be reached within a short time
scale (≈ 20 fm/c). The resulting pressure induces a collective motion of produced particles towards the
outer direction, with a strength that depends on the symmetry energy within the asymmetric systems.
The observables in this case are the directed and elliptic flow of neutrons compared to light charged
particles. In the case of a sizable symmetry energy for increasing densities, a difference in the flow of
neutrons and charged particles should be observed. First, the FOPI-LAND [346] and then the ASY-
EOS [347] collaborations carried out such measurements, by means of a rather complex experimental
set-up that allow to reconstruct neutral and charge particles, and the reaction plane as well as to
determine rather precisely the impact parameter of the reaction. The UrQMD transport model was
used to interpret the measured data. In such a model, it is possible to emulate an asymmetric collisions
and the flow of all emitted particles for soft and stiff nuclear EoSs.
The left panel of Fig. 46 shows the measured elliptic flow ratio of neutrons over all charge particles
as a function of the transverse momentum per nucleon from 197Au +197 Au collisions at kinetic energies
of 400 MeV/nucleon. The black symbols represent the experimental data, and the green and magenta
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Figure 46: (Color online) Left panel: Elliptic flow ratio of neutrons over all charged particles measured
in central 197Au +197 Au at 400 MeV/nucleon as a function of the transverse momentum per nucleon
[347]. The data are shown by the black symbols, while the colored symbols represent the results of two
transport calculations assuming a stiff (γ = 1.5) and soft (γ = 0.5) EoS. Right panel: Constraints from
the ASY-EOS and FOPI-LAND experiments for the density dependence of the symmetry energy as a
function of ρ/ρ0 [347].
symbols the simulated flow ratio according to a soft and stiff EoS. The soft EoS provides a better
agreement with the data in accordance with the analysis discussed in [339].
The right panel of Fig. 46 shows the symmetry energy as a function of the density extracted from the
flow measurements with the yellow and red histograms. The constraints obtained for the FOPI-LAND
and ASY-EOS experiments are compatible, and the more precise ASY-EOS measurement shows an
energy dependence as a function of the density at most linear.
In this context, one should mention that also the flow of charged kaons and the pi−/pi+ ratio could
be sensitive to the EoS. The pion ratio was investigated and the variation expected for this observable
for a soft versus stiff EoS was found very small [348]. The ratio K+/K0 is even less sensitive to the EoS
[349].
Since kaons are produced in NN or N∆ collisions and, hence, in the first stage of the HICs they
test the largest density of the system, that is reached during this initial stage. Moreover, the large kaon
mean free path of about 5 fm renders absorption processes rather improbable, so that the measured
kaon yields in different colliding system are thought to be sensitive to the EoS. The upper and middle
panels of Fig. 47 shows the excitation functions of K+ for a light (C+C) and heavy (Au+Au) colliding
system, indicated by the green and red symbols, respectively, measured by the KaoS experiment. The
measurements are compared with two versions of transport models (RQMD [350] and IQMD [351]),
where different incompressibility of nuclear matter can be implemented. Figure 47 shows that only the
ratio of the kaon multiplicity per participant in the heavy and light colliding system is sensitive to the
variation of incompressibility of the system and kaon-nucleus potential. Also this finding speaks for a
soft EoS for symmetric nuclear matter [350, 351].
5.3.2 Observational constraints
Apart from constraints on the EoS from nuclear experiments, one can extract information on the EoS
from astrophysical observations on masses and radii.
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Figure 47: (Color online) Upper and middle panels: Comparison of the K+ production cross section
per mass number (σ(K+)/A) as a function of the beam energy for Au+Au (red circles) and for C +C
collisions (green squares), compared to RQMD (left-hand side) and to IQMD calculations (right-hand
side), assuming soft or hard EoSs and considering a repulsive KN potential [139]. Lower panels: Double
ratio of the K+ multiplicities per mass number M/A in Au+Au divided by the one in C +C, and the
comparison to the various transport-model calculations.
The mass of a NS can be inferred directly from observations in binary systems. There are five
Keplerian or orbital parameters that can be measured precisely in binary systems. They are the binary
orbital period (Pb), the eccentricity of the orbit (e), the projection of the semi-major axis on the line of
sight (x ≡ a1sin i/c, where i is inclination angle of the orbit), and the time (T0) and longitude (ω0) of the
periastron. From Kepler’s laws, one can obtain the so-called mass function that relates the masses of
both stars in the binary system with the observed orbit parameters, that is, f = m3c sin
3i/(mP +mC) =
4pi2/P 2b x
3, with mP being the mass of the pulsar and mC the mass of the companion.
As we can see, if only the mass function is measured, we cannot go any further in the determination
of the masses. However, accounting for the deviations from the Keplerian orbit due to general relativity
effects helps in this endeavour. The relativistic effects can be parametrized in terms of the so-called
post-Keplerian parameters, that is, the advance of the periastron of the orbit (ω˙), the combined effect
of changes in the transverse Doppler shift and gravitational redshift around an elliptical orbit (γ), the
orbital decay (P˙b), and the range (r) and shape (s) of the Shapiro time delay of the pulsar signal as it
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propagates through the gravitational field of its companion. The post-Keplerian parameters depend on
the Keplearian ones and the two masses of the binary system. Thus, the determination of at least two
of them together with the mass function allows for the determination of the masses of the two stars in
the binary system. The measurement of a third post-Keplerian parameter results in a test of general
relativity.
With more than 2000 pulsars known up to date, one of the best determined pulsar masses is that of
the Hulse-Taylor of 1.4M [352]. The detection and measurement of the masses of this binary system
gave Hulse and Taylor the Nobel Prize in 1993, as it served as a test for Einstein’s general relativity.
Accurate values of almost 2M have been recently reported, such as for the PSR J1614-2230 [353, 354],
by measuring the post-Keplerian Shapiro delay as well as for the PSR J0348+0432 [355], using optical
techniques in combination with pulsar timing. More recently, the mass of PSR J0740+6620 has been
measured to be 2.14+0.10−0.09M [356], by determining the shape and range of the Shapiro delay. These
measurements are, however, in tension with the soft behaviour of the nuclear EoS found in HiCs, as
described in Sec. 5.3.1, because a rather stiff EoS is needed in order to obtain these large masses.
As for radii, they have been extracted in the past from the analysis of X-ray spectra emitted by
the NS atmosphere. The X-ray spectra strongly depends on the distance to the source, its magnetic
field and the composition of its atmosphere, hence making the measurement of the radius a rather
difficult task. With space missions such as NICER (Neutron star Interior Composition ExploreR) [357]
and the future eXTP (enhanced X-ray Timing and Polarimetry) [24], high-precision X-ray astronomy,
based on pulse-profile modeling X-ray spectral-timing event data, will offer precise measurements of
masses and radii simultaneously. Indeed, the first precise measurement of the size and mass of the
millisecond pulsar PSR J0030+0451 has been recently reported by the NICER collaboration, with a
mass of M = 1.34+0.16−0.15M and equatorial radius of R = 12.71
+1.14
−1.19 km [358].
Figure 48: (Color online) Constraints from pulse profile modelling of rotation-powered pulsars with
eXTP. Figure adapted from [24].
The expected constraints for the mass and radius of NSs coming from the new advances in X-ray
astronomy are shown in Fig. 48. There, the constraints from pulse profile modelling of rotation-powered
pulsars with eXTP are indicated with the orange error contours for four millisecond pulsars with masses
known precisely (PSR J1614-2230 [353, 354], PSR J2222-0137 [359], PSRJ0751+1807 [360] and PSR
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J1909-3744 [360]). The underlying model assumed in the simulations is the variational AP3 nucleonic
EoS (red) [306]. The EoS models indicated in the figure are nucleonic (models AP3 and AP4) [306], but
also schemes where the constituent species are quarks (u,d,s quarks) [361, 362], nucleons and hyperons
(inner core of hyperons, outer core of nucleonic matter) [363], or quarks and nucleons forming hybrid
stars (inner core of uds quarks, outer core of nucleonic matter) [364]. The label CEFT indicates the
range of a nucleonic EoS based on χEFT [365], whereas the pQCD is the range of nucleonic EoS that
results from interpolating from CEFT at low densities and matching to perturbative QCD (pQCD)
calculations at higher densities [366].
Interestingly, the recent discovery of gravitational waves emitted from two merging NSs from the
LIGO and VIRGO collaborations [367, 368] has opened a new era in astrophysics. Gravitational waves
from the late inspirals of NSs are sensitive to EoS, through the so-called tidal deformability of the star.
Since the tidal effects are strongly dependent on the stellar compactness, a measurement of the tidal
deformability offers insights into the EoS and the possibility to discriminate among EoSs that predict
similar masses but different radii.
Moreover, aside from mass and radius determinations, one of our best windows to the interior of
NSs is through observations of their luminosities or temperatures as function of age, the so-called NS
cooling curves [369]. The crucial question is whether the cooling through neutrino emission is rapid or
slow, and this is intimately related to the composition and phases inside NSs, given by the EoS.
5.4 Equation of State with strangeness
The conditions of matter inside NSs are very different from those on Earth, thus permitting the existence
of new phases of matter. In particular, the presence of antikaons and hyperons in the interior of NSs is
a possibility that has been explored extensively over the years.
5.4.1 Antikaons in neutron stars: Kaon condensation
Figure 49: (Color online) Schematic drawing depicting the evolution of the electron chemical potential
µe and the antikaon effective mass m
∗¯
K with baryon density in the interior of NSs.
The appearance of strange particles, such as antikaons, is one of the possible scenarios inside the core
of NSs. As mentioned in Sec. 5.1, the composition of matter in NSs is found by demanding equilibrium
against weak interaction processes. Assuming NS matter made of neutrons, protons and electrons, the
weak interaction processes that take place are n → pe−ν¯e and e−p → nνe, implying µp = µn + µe and
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ρp = ρe, with ρ = ρp + ρn. However, if the chemical potential of the electron increases dramatically
with density in the interior of NSs, it might become energetically more favourable to produce antikaons
instead of electrons, via reactions of the type n ↔ p + K¯. In order for this to happen, the chemical
potential of the electron for a given density should overcome the effective mass of antikaons, that is,
µe ≥ m∗¯K , as depicted in Fig. 49. If this would be the case and given that antikaons are bosons, the
phenomenon of kaon condensation would arise.
Since the pioneer work of Ref. [11], this possibility has been largely debated. The discussion is based
on whether the mass of antikaons could be largely modified by the interaction with the surrounding
nucleons. Whereas χEFT approaches have shown moderate changes in the mass of antikaons, some
phenomenological models tend to agree with this scenario. We refer the reader to the previous discussion
in Sec. 2.3 on antikaons in dense matter.
5.4.2 Hyperons in neutron stars: The hyperon puzzle
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Figure 50: (Color online) The EoS (panel (a)) and the corresponding NS mass (panel (b)). An example
with (black solid line) and without (red dashed line) hyperons has been considered. The mass of the
Hulse-Taylor pulsar and the observed PSR J1614-2230 [353, 354] and PSR J0348+0432 [355] are shown
with horitzontal lines. Also, the new mass measurement of PSR J0740+6620 is shown [356]. Figures
taken from [370].
Another hypothesis is the appearance of hyperons in the core of NSs [290]. Due to the high value
of density at the center of a NS and the rapid increase of the nucleon chemical potential with density,
the appearance of hyperons might be energetically favourable.
The presence of hyperons in NSs was first considered in the pioneering work of [371]. Since then, the
study of the properties of hyperons inside NSs have been studied by many authors using phenomeno-
logical schemes (see for example Refs. [372–378]), or microscopical models (see [292, 307, 309–316, 379]
as examples). These approaches agree that hyperons may appear in the inner core of neutron stars
at densities of ≈ 2-3ρ0. At those densities, the nucleon chemical potential is large enough to make
the conversion of nucleons into hyperons energetically favourable. This conversion relieves the Fermi
pressure of the system, making the EoS softer when hyperons are present, as seen in the left panel of
Fig. 50. The softer the EoS, the less pressure there is inside a NS and, hence, the less mass that the
NS can sustain, as shown in the right panel of Fig. 50.
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Although the presence of hyperons in NSs seems to be energetically inevitable, the strong softening
of the EoS leads (mainly in microscopic models) to maximum masses not compatible with the 2M
observations, as seen in the right panel of Fig. 50. In the literature this fact is often referred as ’the
hyperon puzzle’. Several solutions have been advocated in order to have hyperons in the interior of
2M NSs, that we comment here briefly.
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Figure 51: (Color online) Mass-radius relation for various EoS within the RMF model of Ref. [380].
The different lines correspond to different φ coupling strengths.
One possible way of solving the hyperon puzzle lies in the use of stiff Y N and Y Y interactions (see
[363, 380–382] for some examples), so as to overcome the softening induced by the presence of hyperons,
thus reaching 2M. The stiffening of Y N and Y Y has been extensively explored in the RMF models,
as it is well known that the exchange of vectors mesons among baryons leads to a repulsive behaviour of
the baryon-baryon interaction. In particular, the role of the φ coupling to hyperons has become crucial
to shift the hyperon onset to higher energies so as to reach the 2M limit. To illustrate this, in Fig. 51
the mass-radius relation is shown for various EoSs as a z parameter is changed. This z parameter
accounts for the singlet and octet meson coupling constants to baryons, that is, it is correlated with
the φ coupling to baryons. The z value is varied around the SU(6) value and, as seen in this figure, the
decreasing of z below its SU(6) value leads to larger maximum masses, as the EoS becomes stiffer.
The stiffening induced by hyperonic three-body forces has also been studied so as to solve the
hyperon puzzle. The hyperonic three-body forces, as in the case of three-nucleon forces, might induce
an additional repulsion at high densities so as to make the EoS stiff enough to reach 2M [224, 383–390].
There is, however, not a general consensus regarding whether the hyperonic three-body forces will solve
the hyperonic puzzle. While some models do not reach the 2M limit, as seen in the left panel of Fig. 52
for curves 3 and 4 that include hyperons [383], other schemes do [384, 386, 389], as reported in the right
panel of Fig. 52 for the EoS models including the 3BF NNΛ. We should also indicate that the results
of the first Quantum-Montecarlo calculation of Ref. [389] with neutron and Λ matter are not conclusive
enough, as they strongly depend on the Λnn force used. Moreover, the effect of three-hyperonic forces
from χEFT on the properties of hyperonic matter has been recently addressed in Ref. [224, 321], hinting
again at a possible solution of the hyperon puzzle.
Other solutions are based on the appearance of new hadronic degrees of freedom that push the
hyperon onset to higher densities, such as ∆ baryons or a kaon condensate. Whereas we refer the reader
to Sec. 5.4.1 for the formation of kaon condensates in neutron stars, here we discuss the possibility of
∆ baryons in NSs. It has been shown recently that ∆ isobars might appear before hyperons [391–393].
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Figure 52: (Color online) Left panel: Mass-radius relation for various models of the EoS including
nucleons (lines 1 and 2), and nucleons and hyperons (lines 3 and 4). The hyperonic models, in this case,
do not reach the 2M limit. Figure adapted from [383]. Right panel: Mass-radius relation for various
models of the EoS including nucleons (solid line), and nucleons and hyperons (dashed and dotted lines).
The hyperonic models with 3BF NNΛ, in this case, reach the 2M limit. Figure adapted from [384].
As in the case of hyperons, the presence of a new hadron in β-stable matter leads to the softening
of the EoS, and that might imply a reduction of the maximum mass below the observational limit of
2M [393]. However, the expected softening of the EoS for densities around the onset of appearance
of ∆ might be overcome at higher densities, thus still reproducing 2M observations [391]. In Fig. 53
the mass-radius relation is displayed for the hyperonic FSU2H model without ∆ baryons and three
variations of the model including ∆s, that depend on the coupling of ∆ to the ρ meson. All these three
models reach the 2M limit, whereas the radii become smaller. The reduction in the value of the radius
is due to the softening of the EoS at intermediates densities of 1-2ρ0, as the ∆ baryons appear. Indeed,
small values for radii favour smaller tidal deformabilities, more consistent with the value derived from
the recent GW170817 event [391].
Also solutions based on the appearance of non-hadronic degrees of freedom have been invoked.
The presence of an early phase transition to quark matter below the hyperon onset could lead to the
formation of hybrid stars. The EoS of the inner quark matter core should be stiff enough so as to
sustain 2M. In order for this to happen, deconfined quark matter should be energetically favoured
in the inner core while providing the sufficient repulsion required to reach the 2M limit [364]. This
possibility has been indeed exhaustively studied in the literature (see Refs. [364, 394–397] for recent
papers).
And, finally, alternative solutions to the hyperon puzzle have been discussed, such as the use of
modified gravity models in order to present a consistent description of the maximal mass of neutron
star while accommodating hyperons in the interior of NSs [398].
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Figure 53: (Color online) Mass-radius relation for various EoS adapted from Ref. [391]. The FSU2H
model without ∆ baryons and three variations of the model including ∆s, that depend on the coupling
of ∆ to the ρ meson, are shown.
6 Conclusions
Considering hadrons as the relevant degrees of freedom within nuclear matter at low- and high- densities,
two- and three-body interactions among hadrons should be pinned down to extract information about
the equation of state of dense systems, ranging from nucleus to neutron stars. In the strangeness sector,
many of these interactions are not known. The purpose of this review was to summarize the state-
of-the-art of the experimental and theoretical efforts on strangeness in nuclei and neutron stars, thus
taking into account kaons, antikaons, φ and hyperons and their interactions with nucleons and nuclear
matter, while trying to elucidate possible future directions.
Concerning strange mesons, the K−p interaction is dominated by the presence of the Λ(1405).
Theoretically, this state is understood as the superposition of two poles, one strongly coupled to the K¯N
state, and a second one with a dominant coupling to the coupled-channel piΣ. Several experiments on
photon-, pion-, kaon-induced reactions as well as proton-proton have been carried out. New experiments
planned at JPARC will provide even more precise information on the structure of the Λ(1405).
Above the K¯N threshold, correlation measurements have shown to be a complementary tool to
elastic scattering in order to study the K¯N interaction. The contribution of coupled channels influences
the correlations, since only the final state and not the initial state is fixed, and this contribution should
be quantified more precisely in the future. Only in this way, the correlation data can be useful to
better constrain the theoretical calculations. Future measurements of kaonic-deuterium planned both
at DaφNE and at JPARC will also help to disentangle the I = 0 and I = 1 components of the K¯N
interaction at threshold.
Moving to three-body interactions containing kaons, kaonic bound states were also discussed in this
review. A very heterogeneous landscape of predictions and measurements are available for the smallest
of the kaonic bound states, that is, K−pp. Theoretical determinations for the K−pp bound state show
a broad variety of results for the binding energies, going from a shallow to a deeply bound state with
binding energies of ∼ 100 MeV, while the decay widths could be comparable to the binding.
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Experimentally, it has been demonstrated that low energy K−-nucleus interactions are dominated
by 1N , 2N and 3N absorption processes, so that it is difficult to impossible to isolate a broad K−pp
state. For example, the analysis of the AMADEUS data on K− absorption did not confirm the claim of
the observation of a K−pp state by FINUDA based on similar reactions. A similar situation occurred
for p + p reactions, where the DISTO collaboration claimed the observation of a broad K−pp state.
However, a partial wave analysis of the same data set interpreted it as a coherent sum of different known
N∗ resonances. The only promising experimental method is at the moment the employment of energetic
(order of GeV) K− beams on light nuclear targets, where a large momentum transfer can facilitate the
K−pp creation. The E15 experiment seems indeed to have a solid signal for the kaonic bound state.
In this review we also addressed the interaction of kaons with nucleons and nuclear matter. It is of
importance to understand KN as the in-medium properties of kaons are linked to the ones of antikaons
and hyperons, and these particles are strongly connected to the physics of nuclei and neutron stars. De
facto, K0S and K
+ measurements are much easier to interpret w.r.t. other strange particles, because
of the absence of coupled channels. The repulsive interaction predicted theoretically and measured in
KN scattering experiments has been also quantified within nuclear matter. Different observables (flow,
momentum and cross-section analyses) validate a repulsive interaction with a value of V = +20−+40
MeV at saturation density and zero kaon momentum. Although the strength of the interaction is at
most 10% of the kaon mass, the kinematics of kaons is influenced by this mass change and, hence,
relevant observables could be pinned down.
As for antikaons, the presence of the Λ(1405) resonance and its behaviour in dense nuclear matter
determine the strength of the K¯N interaction also in dense matter. While kaons behave almost as
a good quasiparticle, antikaons have a broad spectral function due to the strong interaction with the
medium. As a consequence, antikaons get primarily absorbed when they meet nucleons, as seen in
the context of kaonic bound states. This means that besides the attractive real part of the optical
potential extracted from heavy kaonic atoms, additional effects within nuclear matter are completely
shielded by absorption. Nevertheless, in the last years the K− absorption could be quantified in several
experiments. This could have an impact for the physics of neutron stars if antikaons are allowed.
The φ in matter was also a matter of discussion in this review, as φ mesons are strongly absorbed in
the nuclear medium as K−. The absorption is due to the coupling φ→ K¯K and the probable increase
of the φN cross section in the nuclear medium. This would imply a violation of the OZI rule that could
be circumvented with an enhanced coupling of the φN to the K∗Λ and K∗Σ channels. Nevertheless,
there are still substantial uncertainties in the description of the φN interaction that do not allow to a
simultaneous description of the experimental data on photoproduction and proton-proton reactions.
Last but not least, we reviewed the hyperon-nucleon and hyperon-hyperon interactions in vacuum
and in matter, the latter connected to the phases of dense matter in the interior of neutron stars. The
appearance of hyperons within neutron stars is under debate, and it depends on the interaction of Λ,
Σ and Ξ with nucleons at different densities. Two-body interactions can profit now and in the future
of correlation data, that should substitute scattering data soon. In particular, channels as pΞ−, pΣ0
and ΛΛ could be observed directly for the first time. Future measurements at colliders will provide
brand new data for such two-body interactions, whereas lattice calculations have shown to be also a
new venue worth exploring to understand hyperon-nucleon and hyperon-hyperon interactions.
For the study of hyperon properties in matter, a lot of theoretical effort has been developed using
phenomenological and microscopic ab-initio models. Starting from two- and three-body interactions,
the microscopic approaches range from variational calculations, renormalization group methods, lattice
QCD calculations to diagrammatic expansions. The theoretically predictions have tried, among others,
to explain the physics of hypernuclei.
Indeed, hypernuclei represent the only tool able to deliver quantitative information on the Λ proper-
ties within nuclear matter. Despite of the rich set of measurements of Λ in different heavy-ion collisions,
the hyperon kinematics does not provide observables clearly connected to the in-medium properties. In
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this context, one also has to mention that transport models, that could be instrumental in the inter-
pretation of the experimental data, do fail also in describing elementary collisions. The legacy of future
hypernuclei experiments is to achieve a data base for spectroscopy measurements more close to the one
available within nuclear physics. Only in this way, the contribution of three- and four- body interactions,
which are needed to determine the equation of state with strange hadrons, will be quantified.
In order to quantify the ΣN interaction, new scattering experiments at JPARC are planned. It
is, however, unclear if the measurement of Σ-hypernuclei will ever achieve a good precision. Similar
arguments hold for Ξ-hypernuclei. However, in this case, the attractive interaction, predicted by lattice
QCD and confirmed by correlation measurements, supports the hypernuclei formation. On the other
hand, the data base for ΛΛ hypernuclei will also improve, but the impact of these measurements for
the search of an H-dibaryon will always be shielded by the presence of several nucleons. In this context,
the genuine ΛΛ correlations offer a more direct measurement of the two-body interaction.
An additional aspect that involves all strange hadrons is the observation of a universal scaling of
their production yield as a function of the number of participating nucleons in the reaction. This
feature is observed in heavy-ion collisions at intermediate energies (GeV), and suggests that hadron
formation could proceed differently than through the superposition of nucleon-nucleon collisions. A
new theoretical approach is then necessary to evaluate the possible impact on the equation of state of
dense systems.
In fact, the equation of state of nuclear matter without strangeness was investigated in this review.
Neutron-rich systems are relevant for neutron stars, and several experimental efforts focus on the deter-
mination of the symmetry energy as a function of the system density. Nowadays, the most promising
tools in this field are either the neutron-skin measurements or the analyses of neutron flow and ratio of
isospin partners produced in heavy-ion collisions at low (50 MeV) and intermediate (400 MeV) energies.
Heavy-ion measurements have also delivered constraints on the symmetry energy up to two times the
saturation density, and the results speak for a linear dependence of the symmetry energy with density.
This seems to exclude a stiff equation of state for neutron rich matter. Neutron skin measurements are
still hampered by large errors, so that they do not yet impose stringent constraints on the symmetry
energy, but future campaigns at Jlab and MAMI will significantly improve on the precision.
Apart from experimental constraints on the nuclear equation of state, astrophysical observations
are also of relevance, such as mass observations, radius determinations, cooling measurements or the
recent gravitational wave emission signals from two merging neutron stars. Whereas masses are well
constrained from observations in binary systems, the determination of the radii of neutron stars is
rather difficult. It is expected that in the near future high-precision X-ray astronomy, with missions
such as NICER and eXTP, will offer simultaneous precise measurements of masses and radii. On the
other hand, the expected measurement of new gravitational wave events coming from the merging of
two neutron stars will help to to discriminate among equations of state that predict similar masses but
different radii.
The inclusion of the strange degree of freedom on the equation of state of neutron stars is also
the focus of a continuous effort. The presence of antikaons and hyperons in the inner core is under an
intense debate. Due to the high value of density at the center of a neutron star and the rapid increase of
the nucleon chemical potential with density, the appearance of strange hadrons might be energetically
favourable. Whereas the possible presence of antikaons in its condense form is disfavoured by most of
the recent microscopic models, there is not a consensus about the presence of hyperons in the inner core
of neutron stars. The onset of hyperons in neutron stars seems to be energetically unavoidable, but the
induced softening of the equation of state due to their existence might lead to maximum masses not
compatible with the recent 2M observations. This is the so-called hyperon puzzle, whose solution has
not been found yet.
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